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The objective of this work was to determine the feasibility of
developing, first the helium nitrogen charge transfer laser, and later
the XeF laser into efficient scalable devices excited by preionized
discharges for the production of blue-green outputs. The performance
and scalability of the Ntlaser pumped by charge transfer from He+was
determined In such a discharge environment. The gain and saturation
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parameters were measured and a regenerative amplifier capable of
operation at 470.9 nm was constructed. A traveling wave device
was built which at 427 nm produced peak powers of 5 MW in the forward
direction and which had a front-to-back ratio of 10,000 to 1 for
the pulse energies. Efforts were made to apply that technology to
the problem of switching the output from a XeF laser into the C4A
transition at 480 nm. Gain and saturation parameters were examined
and it was found that the relative gains between the stronger UV
transition and the blue-green transition were greater than 30 to 1.
These results implied that the blue-green transition of XeF was
too weak to support the development of any practical device pumped
by a preionized discharge.
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TECHNICAL REPORT SUMMARY

This final report describes activities undertaken within the general

program for the development of an efficient, scalable blue-green laser

excited by a fast pulsed electrical discharge. The objectives of this

specific contract were to determine the feasibilities of developing,

first the helium-nitrogen charge transfer laser, and, later the XeF

laser into such a device. More specifically, the focus of this research

began with the task of characterizing the performance and scalability of
th + +

the N2 +laser pumped by charge transfer from He in a discharge environment.

After accomplishing this goal, a logical continuation of interest emphasized

the study of the means for switching the output from the strong transition

in the violet to the weaker transition at 470.9 nm. Difficulties which

are now fully understood prevented this in systems excited purely by

preionized discharges, but the switching was successfully demonstrated

in a regenerative amplifier pumped directly by e-beam excitation.

The course of the first phase of this contract research was rich in

discovery. The wealth of scientific detail resulting from this work has

been reported in nine journal articles, copies of which form the main

part of this report. One of these, an invited review article for the

IEEE Journal of Quantum Electronics provides a particularly comprehensive

insight into the N2 laser pumped by charge transfer from He . This

system was shown to have a figure-of-merit in terms of efficiency and

scalability that, surprisingly, approaches one-half of that of the best

inert gas halide lasers. Previously, differences in performances of an

order-of-magnitude had been expected. In fact, there are some unique

features to the charge transfer system which could make it even superior

in some applications, but unfortunately, not in the production of blue-

green output.
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In a final phase of investigation the principles taught by the

charge transfer work were applied to the XeF system. As was well known,

that system had the potential for output in the blue-green. Because of

collisional mixing of the upper laser levels, both UV and blue-green

transitions in XeF, in effect, had a common initial state and two possible

lower levels. In the charge transfer system there had actually been

only a single upper level, and in both cases the desirable transition

was the weaker of the two possibilities.

The excitation system and optical techniques refined in the first

phase of the research with the analogous helium nitrogen system were

adapted to the XeF problem. An amplifier with a maximal gain-pathlength

product was arranged, the UV output was inhibited to avoid a competitive

saturation of the blue-green gain by the development of IV superfluorescence

and an apparently definitive experiment was conducted. The critical

parameter to successful switching of the output into the weaker transition

was the intrinsic gain ratio between strong and weak transitions which

was unknown at that time. Had it been no less favorable than 20:1,

blue-green output would have been obtained and feasibility would have

been proven. The test was successfully conducted with a clear negative

result indicating a very unfavorable gain ratio of UV t3 blue-green in

excess of 20:1. The inescapable conclusion is that the blue-green

transition of XeF is too weak with respect to the competing UV transition

to support the development of any practical device pumped by a preionized

discharge.

As is often the case with even a negative result, it seems that the

successes of the work supported by this contract go beyond the simple

elimination of a "blind alley." The development and characterization of
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the analogous helium nitrogen laser produced a system and a technology

that hold much promise for other applications. Many interesting advances

were made in the basic understanding of that system and, in general, of

the problem of the competition between transitions, having very different

and transient values of gain. As mentioned above, nine publications

reproduced in the Appendices describe the results of this work on the

charge transfer system and the final effort with XeF is reviewed in the

following material.

THE NITROGEN ION LASER PUMPED BY CHARGE TRANSFER

Work performed under this contract showed that there are some great

advantages to the charge transfer laser, whether operated in a preionized

discharge or with e-beam excitation. Operational advantages are very

clear and include the use of innocuous, chemically stable gases to

support lasing directly in the blue-green wavelength region. More

subtle, but no less important, intrinsic advantages exist at the atomic

level.

The particular system studied in this work was pumped by charge

transfer from He2
,

He+ + N2 - N2(B) + 2He , (Ia)

He 2 + He + N2 N2(B) + 3He , (Ib)

+and one of three vibrational components of the B X transition of N2
was subsequently stimulated. The inherent advantages of this system are

threefold, the first being that the vibrational excitation remaining in

the lower laser level is rapidly quenched by a process unique to molecular

ions. This makes possible four-level, quasi-cw operation of the laser.
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A second advantage is that the operating wavelength is longer, and

hence, less energetic, than the thresholds for photoionization and

photodissociation of all of the important kinetic intermediaries. This

means that even very high powers circulating in the laser cavity do not

disturb the kinetics. Faially, because the laser transition occurs
+I

between bound electronic states of the N+ molecule, the bandwidth of the
2

gain is small, and hence, the maximum gain is large. As a consequence,

saturation is reached at smaller inversion densities than, for example,

in excimer transitions.

The data and detailed analyses of both the e-beam and discharge

pumping of the helium-nitrogen laser are found in existing publications

reproduced in the Appendices, but the most important characteristics can

be sunmarized as follows:

1. The kinetic scheme is now known. Efficiencies, power outputs,

and the times for the onset of threshold obtained with discharge

excitation all agreed with the predictions of the kinetic

model developed from the e-beam results. The model contains

no steps which might be disturbed by high field intensities.

2. As long as the E/p can be maintained in a discharge at a value

in excess of 2v/cm/Torr, current densities of the order of

100A/cm 2 will give a power transfer efficiency of 2% at 427.8 nm

in a self-excited laser oscillator.

3. Operation of the discharge laser as an optical amplifier will

approximately double output powers through earlier saturation

of the laser transition. This is not to be confused with

bottlenecking for which no evidence was found. At moderate

levels of operation of the discharge laser, i.e., 500KW, small
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signal gains of 15%/cm were found with saturation intensities

2of only 50KW/cm . The bottlenecking intensity can be assumed

from the e-beam results to lie above 20MW/cm 2 so that a wide

range of output powers may be sustained at a constant efficiency

of the order of 3 to 4%.

4. The relatively narrow gain bandwidth of 5 cm 1, realized from

this laser transition between bound electronic states of N2+

compensates the collisional quenching of the upper laser level

2and thus brings the saturation intensity down to 50KW/cm 2
, a

value which can be reasonably attained in a master oscillator.

Since the quenching channel can he bypassed if laser intensities

in the plasma significantly exceed the relatively modest

saturation intensity, the collisional quenching becomes an

asset by suppressing uncontrolled superfluortscence. In fact

operation of the system as an optical amplifier was achieved

at megawatt/cm 2 power levels for an overall gain ot 18, con-

ditions relatively near the ideal extraction of power at zero

gain.

5. The gain-narrowed linewidth of the output from the optical

amplifier was measured to be 0.007 nm without any supplementary

interferometric narrowing of the oscillator. Thus all of the

power output is concentrated in a relatively narrow line, as

compared with excimer lasers.

While the instantaneous power conversion efficiency attained in the

charge transfer amplifier developed under this contract readily reached

values ranging from 2 to 4%, the overall efficiency remained a more



6

persistent problem. This resutied primarily from the speed with which

the electrical avalanche has developed in the discharge tube and was not

a problem unique to charge transfer lasers. However, other discharge

lasers based on excimer transitions generally contain significant concen-

trations of attaching gases such as F2 or HC2. Although these tend to

remove free electrons and stabilize the discharge by raising the con-

ductivity, in either case the avalanche finally develops and effectively

short-circuits the electrical driving circuit.

The power density which can be developed in a laser plasma is

generally maximized by increasing the risetime of the current and coinci-

dently increasing the rate of avalanche. Specific output power densities

achieved in the charge transfer laser have been high, even in comparison

with excimer lasers, being of the order of 30 to 50 MW/liter in discharge

devices. At these power levels the avalanche has proceeded very rapidly

and effective power transfer has been maintained for times only of the

order of 5 nsec.

Traditionally high enery densities have been achieved in discharge

lasers through the increase in pulse duration which, as mentioned earlier,

depended upon the stabilization of the plasma conductivity through

electron attachment. However for those applications such as ranging

which necessarily require short output pulses, the power density achieved

(as opposed to energy density) is the best figure of merit. Unlike the

case with UV excimer lasers, the entire kinetic chain pumping the charge

transfer laser is completely transparent to the output radiation. Thus,

it can sustain very high specific power densities at the cost of pulse

duration, which does not become a disadvantage, at least for some types

of applications.



7

Considering then the particular merits of the charge transfer

system to be its high instantaneous efficiency, high power density and

short pulse duration, a clear need existed to deiov'strate that the

overall efficiency could be made to approach the instantaneous efficiency

through proper matching of the discharge to the load. Efforts to demon-

strate the feasibility of such a matching necessitated a specific optimi-

zation of the hardware.

Several devices were developed in the course of this work that

represented major landmarks for the advancement of the technology needed

for the efficient operation of this type of laser in the domain in which

characteristic times for pumping, storage and output all lay in the

range from 1 to 10 nsec. These included the following systems.

A. A master oscillator power amplifier (MOPA) configuration

switched by a single hydrogen thyratron so that repetitively

pulsed operation would be possible with a precision of

synchronization of the order of 1-2 nsec. This system was

extremely effective in supporting the measurements of gains

and saturation intensities in laser media of this type in

which the impedances, and hence, the power input changed

drastically on a time scale of a few nanoseconds.

B. A traveling wave laser and a traveling wave amplifier. The

laser was constructed with no optics whatever, and output

windows were antireflection coated to avoid spurious asymmetries

in propagation of the output along the two possible directions

on the laser axis. The control established over the progression

down the axis of the phase of the electrical breakdown was

Ii
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sufficient to yield a contrast ratio of 1000:1 between co-

propagating and counterpropagating waves. In terms of output

pulse energies measured from the two ends of the device the

ratio was 104 :1 at megawatt levels of output intensity.

C. A near-resonant preionized discharge tending to optimize the

match between ringing half-period of the discharge current and

the lifetime of the optical gain. This device contributed

significantly toward the approach of the wall-plug efficiency

to the power conversion efficiency relative to deposition.

D. A regenerative amplifier scheme. When excited by an e-beam

discharge the amplifier section had sufficient gain pathlength

product to function efficiently as a regenerative amplifier at

470.9 nm.

Detailed descriptions of the devices and their performances are

contained in the published works reproduced in the Appendices. They

provided a strong foundation of technology upon which to base the final

phase of research under this contract that attempted to switch the UV

output from XeF into the blue-green.

THE BLUE-GREEN TRANSITION OF XeF

The general problem limiting the usefulness of the XeF laser at

visible wavelengths is the competition from the UV transition. Technically

the blue-green and UV transitions originate from different molecular

levels. However, because of collisional mixing, the XeF system usually

functions as if there were a single upper level for the two transitions.

Exceptions occur under extreme experimental conditions, such as very low

pressures or very low temperatures. Since the uniquely high efficiencies
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of the excimer lasers basically accure from extremely efficient collisional

processes, the minimization of collisional effects must necessarily lead

to substantial reductions of these efficiencies. This can be clearly

seen in the relatively poor results from photolytically pumped, cold

thin XeF samples from which laser outputs have been obtained at blue-green

wavelengths.

What appears essential is a way of selecting the desired output

wavelength by some optical means which does not disturb the kinetics

pumping the laser levels under conditions of maximal efficiency. If it

is accepted that the problem is actually that of selecting a weak transi-

tion in the presence of a strong one having the same upper laser level

but a different lower level, the resulting analysis is more fruitful.

The technology described in the previous section had already been developed

for dealing with that situation and the concern of this phase of the

work was to what extent it could be adapted to XeF.

The energetics of the radiating system are shown schematically in

Fig. 1. Tane weak transition is the one desired as it corresponds to a

transition wavelength of 480 nm. The assumption that neither lower

level can become appreciably populated because of their essentially

repulsive characters, implies immediately that whichever transition

saturates first will be the one through which the stored energy of the

excited state will be extracted. However, the saturation intensities of

the two transitions are not more favorably related than are their respec-

tive transition probabilities, so the weak transition must have a higher

saturation intensity.
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W Strong(350nm)
z
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Figure 1

Schematic representation of the energy
levels of XeF important in this model.

The most natural approach toward the problem of selecting the

weaker of two transitions is to contain the excited medium in an optical

cavity arranged to have high losses at the wavelength of the higher gain

transition and low losses for the weaker transition. However, because

of the practical limitations upon optical coatings it can be shown that

it is difficult to succeed when the relative small signal gains differ

by even one order of magnitude. Even then it is almost impossible to

scale such devices because every ray at the undesirable wavelength which
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can propagate in the medium must be selectively attenuated by the mirrors

before its more rapid exponential growth leads to the predomination of

its intensity. This, in fact, means physically small systems bounded by

extremely selective mirrors. Such techniques hold little a priori

promise for large scale XeF devices.

At the next level of sophistication an oscillator-amplifier combina-

tion could be arranged, at least in principle. The amplifier would be

saturated at the wavelength of the weak transition by an input taken

from the oscillator at a level comparable to its saturation intensity.

Once the weaker line were saturated, the gains of both transitions would

be reduced and lasing could not subsequently start on the undesired

transition. Such a technique had been demonstrated in this laboratory

to be extremely effective in the analogous system, the helium-nitrogen

laser, in which a similar relationship of excited states existed.

However, there was an immediate difficulty in adapting it to the XeF

system, the XeF oscillator.

Presumably, then, the excitation of an XeF amplifier in the blue-

green would require some other type of laser, such as a dye laser or an

XeF device operating under extremely inefficient conditions. In that

case, for the overall system to be efficient the pulse energy from the

oscillator would need to be substantially less than the energy extracted

from the high efficiency amplifier.

It can be shown that under saturated conditions an intensity, Al,

can be extracted from an amplifier of

I
0Al IsyL( 1 +1 (2)

o s

where I is the saturation intensity, yL is the logarithmic gain of the5
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amplifier under small signal conditions, and I is the oscillator
0

intensity. Since noise is amplified by a factor, exp(yL), to avoid

uncontrolled seperfluorescence the amplifier needs to be arranged so

that yL % 12 over the longest path through the plasma. This means that

for the extraction of at least 3/4 of the available power of the amplifier

10 > 31 so that Al 41. It is clear that since the XeF kinetics are

one or two orders of magnitude more efficie". than other possibilities

which might be used for the oscillator, the power input to the oscillator

must exceed that to the amplifier by an order of magnitude.

Apparently the only way in which such a system could work effectively

with an inefficient oscillator would be if the oscillator pulse duration

were orders of magnitude less than the duration of the amplifier excitation.

An external mirror could provide for regeneration of the optical amplifier

and the oscillator would need to supply power only for a period long

enough to "fill" the length of the amplifier plasma. As described in

the previous section, precisely such a system was demonstrated in the

analogous helium-nitrogen laser. An inefficient dye laser producing an

output pulse of relatively short duration was used to start a regenera-

tive amplifier of higher efficiency for the production of a much longer

output pulse.

The requirements for such a system can be obtained by examining the

differential equations for the growth of the intensitites of transitions

coupled through the same upper state. These can be approximated

dz (I + U + FV) 1 (U + ) (3a)

dV 0( + U + FV)-1 GV (3b)
dz
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where now U and V are the ultraviolet and visible intensities, respec-

tively, in units of the saturation intensity of the strong transition,

is the intensity from spontaneous emission reduced by the fractional

aperture for superradiancy (somewhat larger than the geometrical output

aperture), (I + U + FV) is the saturation parameter, and F and G are

the ratios of the saturation intensities and of the gains for the two

transitions, respectively. The quantities F and G are related, so that

the only uncertain parameter is G, the ratio of the gain of the V to the

U transition.

In this development the propagation variable, Z, has been scaled,

also, so that it represents the physical distance, x, divided by the

probable distance, D, for small signal stimulated emission on the strong

-1
transition. Since D = y , then Z = x-y. This is particularly useful

because it reduces the number of independent assumptions about the

physical size and level of excitation. The magnitude of the amplifier

is expressed by the maximum propagation variable Z which is the number

of small signal gain lengths for the strong transition spanned by the

optical path through the system. For perspective, the overall small

signal gain through the system would be exp(Z) for the ultraviolet

transition.

Figure 2 shows the solution to the extraction equations in these

normalized units for a case in which the relative gain parameter G was

assumed to be 0.05 (i.e., 20:1). The input intensity has been assumed

to be V = 1. There are two resulting curves for V. The solid curve is0

for an unsegmented system and the dashed, for a segmented discharge

arranged so that filters between sections reject the U transition from

propagating to larger values of Z.
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Figure 2

Solid curves plot the solutions to the set of coupled equations
(3a) and (3b) describing the growth of the strong transition, U and
the weak transition, V in terms of penetration into the amplifying
medium. Units are scaled as discussed in the text. The dashed
curve shows the effect of segmenting the medium and filtering
between sections to remove the growing intensity of the U component.
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The significance of Fig. 2 is found in the intersection of the U

and V curves near the system size Z = 13. This means that even with the

injection of V = 1, an intensity of the visible transition equal to the

saturation intensity of the ultraviolet transition, the system would

output the wrong transition if its size were greater than Z 13. Yet

at Z = 13, the V output is only 1.8, representing the extraction of only

6.2% of the available intensity of 13 of these units of power. (In

these units the power available from a gain length of Z is Z units.)

At this point several conclusions can be drawn which render the

further development more tractable.

1) In order to avoid the use of the exceedingly high levels of

expensive oscillator power that would be necessary to avoid larger Z

systems degrading spontaneously from the V to the U transition, the

system must be partitioned so that after every path length of Z ̂ - 8, an

optical element is used to reject the U radiation building up from

amplified spontaneous emission.

2) In order to achieve efficient extraction of the available

energy high values of Z must be used. For example, it can be seen that

a Z of 50 would correspond to a 13.6% extraction efficiency. However,

since the maximum physical length is assumed limited to 150 cm this

would require a small signal gain for the strong transition of .33/cm

which is probably not feasible for a large aperture amplifier. Some

compromise appeared warranted and Z = 30 was used in subsequent analyses.

3) At these necessarily high levels of excitation, discharge

stability may limit operation to pulse durations of the order of 50-100

nsec.
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100

- :1
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z
Figure 3

Solution to the set of coupled equations (3a) and (3b) for the
growth of the weak transition, V for the case of a plasma segmented
by the insertion of filters to remove the growing intensity of the
strong, U transition.
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Subject to these guiding assumptions the characteristics of a

typical blue-green, power amplifier stage can be derived. It should be

a medium aperture device, excited by a preionized transverse discharge

at a high level of pulsed power deposition. The excitation should be

maintained for as long as possible, but probably will be limited to 100

nsec by the onset of discharge instabilities. The performance of the

stage will be determined by the V-curve shown in Fig. 3. In that figure

the growth of the visible output has been presented for the same conditions

as used to obtain Fig. 2, but for a higher level of power input from the

oscillator. Only data for the segmented system has been shown as that

represents the only practical case.

Because of the system of units, the results shown in Fig. 3 are

reasonably universal and can be adjusted for a variety of inputs.

Although drawn specifically for an input intensity, I = 5.0, the per-0

formance for a larger input, I = 8, can be readily obtained. For

example, a value of V of 8 in Fig. 3 can be found for a Z of about 14.

This gain of Z = 14 can be assumed to have occurred somewhere before the

amplifier being modelled. Then if V = 8 at the amplifier input and the

gain over the full length of the amplifier is 30, as assumed in 2),

above, the intensity at the output will be found at Z = 30 + Zin*

Thus, for this illustrative case Zout - 44. For that value of Z, a

corresponding growth of V to a value of 18 is shown in Fig. 3. In

summary, if Z grows by 30 in the amplifier, from 14 to 44, then the

intensity will grow from 8 to 18. This means the extraction of 10 1s

from the plasma out of a possible 30 Is , that stored and potentially

available in the U transition. Therefore an extraction efficiency of
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33%, relative to storage, is computed for this example of an input of

V = 8.
0

To place these results in tangable form it can be estimated that

the product of the saturation intensity by which U and V were scaled and

the aperture of the amplifier will be of the order of 1 MW. There the

amplifier characteristics modelled above can be estimated in physical

units as follows:

Table I

Performance levels proposed for the idealized XeF
Amplifier Stage configured for operation at blue-
green wavelengths.

Wavelength 480 nm

Output power 10 MW

Pulse duration 1 100 nsec

Pulse energy I I J

Overall efficiency
of Amplifier Stage . 3.3%

Input energy cost . 30 J

Small signal gain ratio G
assumed in this model 20

To achieve these outputs would require an input pulse of 8 MW

supplied only for as long as necessary to fill the amplifier volume,

provided regeneration of the input were obtained. In such an arrange-

ment an output coupler and associated optics would be introduced in

order to reflect a portion of the output back to the amplifier input.

This portion of the intensity would need to be large enough so that it

would be equal to the original 10 when it reached the input. In this
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idealized case, 8 MW would need to be returned to the input, so that of

the 18 MW available at the output end of the amplifier, 10 KW could be

coupled into the output beam and 8 would be returned to continue the

saturating function originally accomplished by the external oscillator

pulse. For analysis a simple ring geometry can be assumed in which the

amplification occurs in one 5 nsec branch and the beam reflected by the

output coupler is returned in the other passive 5 nsec branch. Results

are equivalent if a cavity is used instead. Then, in such a geometry

the original oscillator pulse needs to have duration of only 10 nsec.

This analysis has tacitly assumed that the oscillator pulse used

initially to fill the amplifier cavity will, itself, benefit from the

amplification. However to accomplish this requires a further important

refinement, the use of traveling wave excitation of the amplifier of the

type demonstrated in the previous section. Without the use of the

traveling wave configuration, the initial "filling" of the amplifier

cavity would require an input larger by the fraction coupled out before

the amplifier discharge was excited. In the case described above this

would require an input of 18 MW rather than the 8 MW needed with traveling

wave excitation.

The determination of the feasibility of this idealized device

formed the central objective of this final phase of research. The

critical issues to be resolved were: 1) the maximum level of gain

pathlength product, Z, that could be developed in an intense preionized

discharge and the maximum duration over which it could be maintained and

2) the ratio of gains between the strong and weak transitions. The

principal technological problems concerned the adaptation of the helium

nitrogen discharge system to the more aggressive gas mixtures. This
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latter task was the first ccu.pleted and led to near record levels of

output power density from an XeF discharge laser. We obtained 5.3 MW

peak power from 24 cm3 for an output density of 220 MW/liter. The

corresponding pulse energy of 50 mJ represented an efficiency of 0.75%

with respect to the energy originally contained in the storage capacitor.

This particular system also gave the maximum gain pathlength product, Z.

A smaller device yielded 303 MW/liter with a 1.4% efficiency relative to

stored energy. However, as in the case of the nitrogen ion laser, the

wall plug efficiency was about a factor of 2 less than this efficiency

relative to stored energy because of the additional energy that had to

be wasted in inverting the switching capacitor. Nevertheless, these

seemed to be state-of-the-art devices which should have been adequate

for a definite test of the feasibility of extracting the output in the

blue-green.

An oscillator/amplifier configuration was constructed at this high

level of excitation and the gain and saturation intensity for the 358 rim

line were measured using the same techniques proven in the He-N 2 laser

studies. Typical data are shown in the figure below together with curves

computed from a model containing adjustable values for Z and effective

saturation intensity, Is . This effective intensity is the textbook

quantity multiplied by the ratio of (t2/2t) where t2 is the upper s!.ate,

lifetime and i is the pulse duration. It is the effective intensity

actually determining the growth and saturation of the propagating waves.

From the figure it can be seen that the result of the model agrees

reasonably well with the data. This particular case corresponded to

Is = 0.82 MW/cm
2 and Z = 6.3. Variations in Z of ±1.0 in the model gave

the results plotted by dashes that appear to bound the range over which

agreement with experiment could be obtained.
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Figure 4

Graph of the data obtained for peak power outputs from the optical
amplifier for various values of input pulse amplitudes at 358 nm.
The solid curve plots results of a theoretical model and the dashed
curves show sensitivies of the model to changes of Z of AZ = ±1.0

The saturation intensity is only weakly dependent upon experimental

variables, so that once it is known, the gain can be reasonably determined

under other conditions from knowledge of only the power input to the

amplifier stage and the power output. From this it was concluded that

the maximum gain x pathlength achieved was 11.23 over a 48 cm path for

10 nsec duration. In fact, this corresponded to the record output of 220

NW/liter.

The implications of the preceding mathematical analysis of gain

saturation resulting from competing transitions were that the most

accessible figure of merit was the limiting Z which could be achieved

with folded paths. It corresponded to the gain, y times the total

distance of propagation that was possible during the life of the plasma.
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In this case cited the limiting Z would have been 70 which was clearly

adequate for testing the regenerative amplifier concept described in the

original proposal.

In the model described above the gain in the visible transition had

been assumed to be 0.05 of the gain of the 358 nm line. This was thought

to be conservative, but extremely critical estimate. Since a gain

pathlength product of 70 had been achieved at 358 nm, it became essential

to determine whether this must be reduced by 20 or some other factor in

order to describe the growth of the visible transition. This was the

next phase of the research. It was implemented with a regenerative

amplifier arrangement very similar to the one described in the helium

nitrogen studies, except this time the medium was pumped with a short

section of the preionized discharge and was contained in an optical

cavity having mirrors selectively reflecting 95 + 1% of the blue-green

and less than 10% of the UV. In effect this segmented the gain so that

the growth of the UV could be controlled.

To be certain of starting the oscillations in the blue-green, a

small amount of output from a synchronously pumped dye laser was injected

into the cavity. Since electrical power input to both the XeF gain

medium and the dye laser were switched by the same thyratron, reasonable

synchronization could be maintained, unlike the case reported earlier

for the helium nitrogen system which employed an amplifier excited by a

separate e-beam discharge. Observation of the effect of adjusting the

optical delay between the dye laser output and the fluorescence reradiated

from the cavity containing the XeF amplifying medium provided a reasonable

means of searching for the onset and extent of the amplification of the

injected pulse.
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Limitations on this method were principally twofold. First, since

the system was operating near the absolute limits for survival of the

electrical components, stability of the level of excitation was not

ideal. Moreover, variations in optical delay caused other minor changes

in the precise geometry of the dye laser beam and, hence, in the coupling

of the input into the cavity. Nevertheless, the composite effect of all

instabilities would certainly not have masked an enhancement of exp (2)

and probably not an enhancement of exp (1).

The second limitation on sensitivity resulted from the technological

necessity for a certain amount of "dead space" in the laser cavity to

protect the mirrors. The maximum Z of 70 which might have been obtained

had to be reduced by the ratio of the effective length of the laser

plasma to the physical length of the cavity. Further a factor had to be

subtracted that was approximately N log R to accommodate the losses at

the mirrors, where N was the number of transits of the cavity that was

possible in the 10 nsec duration of the gain and R was the reflection

coefficient of the mirror. Approximating

Zeff = Zt - N log R (4)

where t is the filling factor, the maximum Zef f available for this test

could be evaluated.

The value of t needed in Eq. (4) was estimated by observing that

the UV output was growing rapidly toward the threshold for oscillation

at the maximum level of excitation even with the blue-green mirrors.

Assuming R(358 nm) - 8% and that the subthreshold condition observed

corresponded to Zeff - 10, gave = 0.685, a value not particularly
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sensitive to modest changes in Zeff around the value of 10. This seemed

a reasonable estimate of C as it indicated an effective length of the

laser plasma equal to 84% of the physical length of the electrodes.

Because of some rounding at the ends of the electrodes to avoid arcing,

the plasma was visibly weaker near the ends so this result seemed credible.

Substituting the value of filling factor deduced above into Eq (4),

this time evaluated at 480 ram for which R = .95 ± .01 and recognizing

that Z is in units of gain at 358 nm times pathlength gives Zef f = 32.

Reference to Fig. 2 shows that even if the intensity level coupled into

the cavity had been as great as the order of the saturation intensity,

the growth of the injected signal should have reached the value shown at

the ordinate corresponding to Z = 32, about a factor of 4. Such an

increase would have been clearly visible, but was not detected. Since

the intensity of the injected signal was always less than the saturation

intensity, the conclusion that the gain ratio is worse than 20:1 is

inescapable.

Confirming limits can be obtained by using Eq. (4) directly to

estimate the small signal gain. Considering the limits of detectability

to be either exp (1) or exp (2) and the mirror reflectivity to have been

95% or 94% the following table summarizes the resulting limits on the

gain ratio.
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Table 2

Summary of lower limits on the ratio by which the
gain of the UV transition exceeds that of the blue-
green transition.

Level of insensitivity Mirror reflectivity Minimum gain
to detection (u) ratio

exp (2) 95 17
exp (2) 95 16
exp (1) 94 27
exp (1) 94 24

IMPLICATIONS

In fact, no evidence of amplification in the blue-green was detected

in this phase of the research dealing with XeF. While such negative

results are difficult to interpret absolutely, qualitative experiences

suggest that enhancements of less than exp (1) would have been detected

and in this case it is the considered opinion that this negative result

can be interpreted as indicating the gain ratio to be even less favorable

than 30:1. The technology was confirmed to be operational through the

many cross-verifications described in this technical report, but the

gain in the blue-green simply did not materialize. The inescapable con-

clusion is that the blue-green transition of XeF is too weak with respect

to the competing UV transition to support the development of any practical

device pumped by a preionized discharge.

Conversely, the implications of the earlier phases of the studies

with the helium nitrogen system are quite positive for applications

other than those involving blue-green wavelengths. This system was

shown to have a comprehensive figure-of-merit in terms of efficiency and

scalability that approach one-half that of the best inert gas halide

lasers. The narrow bandwidth and particularly high power densities that
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can be obtained with this system, together with its immunity to un-

controlled superfluorescence could make it even superior in some

applications.

-*
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ABSTRACT

Charge transfer from He2
+ to N2 has been used in a variety of

devices to pump significant levels of inversion of the B2 electronicg

transition of N2 . Laser output has been achieved at three wavelengths,

391.4, 427.8 and 470.9 nm. Each has corresponded to a transition from

the same upper laser level to lower levels having vibrational quantum

numbers equal to 0, 1, and 2, respectively. With proper mirror sets

each has been individually excited. Studies of the scaling and efficiency

at which the laser output could be obtained have been made with devices

pumped by e-beams, preionized avalanche discharges, and preionized

resonant and traveling wave discharges. The possible efficiencies for

the extraction of the energies stored in the inversions have been examined

for various configurations of the coupling of the optical fields to the

plasmas. Resulting devices have included self-excited oscillators,

regenerative amplifiers, and master oscillator power-amplifiers. The

experimental results have supported a kinetic model which generally

explains the unique features of the nitrogen ion laser. Of particular

interest is the capacity of these systems to support the simultaneous

optimization of both scale and efficiency. With e-beam excitation optical

power densities of 320 W 1-1 have been achieved at a constant power

transfer efficiency of 3%. With resonant discharge excitation 44 NW

have been demonstrated at power conversion efficiencies of 2% and overall

efficiencies ranging from 0.2 to 0.4%. From these results the kinetic

model has projected an overall efficiency of 0.9% to be ultimately

realized in a discharge device.
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INTRODUCTION

The idea for a molecular change transfer laser is traceable to the

observations in the early 1960's that intense, selective excitation of

spectra could resL.t from the reactive collisions of inert gas ions with

neutral molecules [1], [2). In those experiments it was generally found

that such reactions were favored by energy resonances between the reactants

that tended to minimize any changes of kinetic energies. Because of

this selective nature of the energy transfer process, the general potential

of the charge transfer mechanism for the development of population

inversions of the product ions was appreciated as early as 1965 by

McGowan and Stebbings [3].

It is interesting that at the time the original suggestion was

made, Fowles and Jensen [41 had independently demonstrated laser oscil-

lations on transitions between electronically excited states of I+, the

pumping of which they attributed to charge transfer from He+. Almost

immediately, the prospects for the practical implementation of this

mechanism improved when the NOAA group reported that the rate coefficients

for charge transfer reactions occurring at thermal energies often approached

gas kinetic values [5]. At that time it could have been reasonably

expected that charge transfer would offer a considerable advantage over

other laser pumping mechanisms because the reaction rates were typically

an order of magnitude larger than the rates for other excitation transfer

sequences involving neutral atomic and molecular species. As a consequence,

a charge transfer reaction having the potential for pumping a laser

transition could have been readily arranged to be the dominant process

for the loss of the primary ionization created in an inert gas plasma

containing a small component of some other species. In fact, this
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possibility was pursued in only a limited fashion in the development of

some of the many variants of metal ion devices buffered with inert

gases, such as the helium-cadmium and helium-zinc lasers. Some of the

lines from Cd+ and Zn+, for example, were apparently pumped by direct

charge transfer from He , but usually the strongest outputs were the

result of Penning ionization of the metal atoms by neutral metastable

helium atoms. The distinction between that process and charge transfer

is an important one. Because of the variable energy of the free electron

emerging with the product atom, the Penning process is always resonant

and, hence, the transferred energy is not selectively channeled into a

particular state of excitation of the products.

While even commercial significance finally resulted from these

lasers based upon excitation transfer between atoms, the detailed con-

sideration of the kinetics that limited their performance lies outside

the scope of this work. To some extent the scaling to higher powers was

hindered by the difficulty in obtaining larger volumes of the metal

vapor reactants and by the relatively low densities of atomic ions of

the inert gases which could be obtained in the low pressure discharges

in which the systems had to operate. Considering these intrinsic dif-

ficulties, it is almost surprising that nearly a decade elapsed between

the initial suggestion for a charge transfer laser and the first demon-

strations of stimulated emission from such a system [6] involving scalable

molecular reactants.

It seems clear, now, that the protracted delay in the actual demon-

stration of a scalable charge transfer laser was a consequence of the

several unique features of this type of pumping that contribute to its

advantages but force their realization into areas of technology not
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already existing as by-products of the development of the more traditional

types of devices. In fact, it appears that the full realization of the

potentials of this type of system will be made with another generation

of devices for the excitation of laser media which are characterized by

time scales for pumping of the order of nanoseconds in contrast to the

tens of nanosecond scale currently encountered near the state of the

art.

Partly this is traceable to the resonant nature of the transfer

which constrains, perhaps overly so, the choice of reactants which might

be used in a laser device. In practice such accidental resonances are

seldom found and the criterion must be relaxed through the consideration

of reactions pumped by the ions of molecules, such as those of the inert

gases, whose neutral ground states are unstable. Because of the varying

energy of repulsion of the constituent atoms of the neutral molecule

remaining after the transfer of charge, the actual energy available from

a molecular ion of the inert gases can vary by about 5% depending upon

the internuclear separations of the component atoms at the time the

electron is captured from the reacting partner. However, even this

flexibility does not remove the requirement that the atom or molecule to

be excited must have its upper laser level in near resonance with the

available energy of the donor so that the ionization potentials of the

two reactants must differ by approximately the energy of the anticipated

laser photon. If it is desired to operate at near-visible wavelength

with reactants having reasonable vapor pressures at room temperature, a

survey of tabulated energy levels (71, [81 shows a rather restrictive

field of possibilities, seemingly limited to charge transfer from He2+

to molecular gases such as N2, CO, and 02* Consonant with this deduction
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are the essentially negative results of studies seeking charge transfer

spectra pumped by argon ions [9] in a manner analogous to the positive

results observed in helium [I].
+

It is the combination of He2  reacting with a molecular gas that

introduces the features peculiar to the scalable charge transfer laser

that give it unique advantages and difficulties. To form appreciable

2concentrations of He2 as opposed to He requires either high pressures

of helium or long-lived plasmas since the conversion of the ions from

atomic to molecular form proceeds most favorably by three-body collisions.

Both conditions pose particular problems. The latter is generally

precluded by the time scale set by the spontaneous lifetimes of the

excited states of the reaction products considered as laser candidates.

The former causes significant pressure broadening of the molecular

transitions because of the relative frequency of collision with the

background helium atoms. The result is that the cross sections for

stimulated emission are typically peaked at 0.01 to 0.1 am2 [101, values

which are three to four order of magnitude below those characteristic of

the laser transitions of Ne and Cd+ when pumped by excitation transfer

from the neutral energy storing species of helium. Thus, the inversion

densities required for threshold populations to be excited by charge

transfer from He2 + must be expected to exceed those characteristic of

the helium-neon and helium-cadmium lasers by orders of magnitude, a

requirement not consonant with the relatively low stopping power of

helium for the deposition of energy from the energetic electrons in an

e-beam or discharge. These somewhat conflicting requirements have com-

prised the underlying problems delaying the original realization of the
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charge transfer laser and subsequently impeding its development. Neverthe-

less, they have also offered almost unique benefits that can be realized

in scaling such a system to high power.

The threshold for the sustained oscillation of a scalable laser

pumped by charge transfer was finally achieved in 1974 [111 with the

demonstration of the nitrogen ion laser pumped by charge transfer from
+

He2 , through the reactions,

He2 + N2 N+(B) + 2He (1a)

He2 + N2 + He N+(B) + 3He (1b)

2 2+2
The laser output belonged to the B2 + X 22+ electronic transition of

u g

+N2 . Probably because of the Franck-Condon factors favoring excitation

of the vibrationless, v' = 0, state of the upper laser level from the

v" = 0 state of the ground electronic state of the neutral, N2, molecule,

the products of the charge transfer step seemed to be predominantly

vibrationless. Although in principle a sequence of transitions to final

states having different vibrational quantum numbers, v", 
in the X 2X+

+
electronic level of N2 have the potential for inversion, the rapid

decrease in the Franck-Condon factors with increasing v" provided a

practical limit of v" 5 2. These relatively favorable transitions

correspond to the following wavelengths for the values of (v',v")

indicated: (0,0), 391.4 nm; (0,1), 427.8 run; and (0,2), 470.9 rm. With

the proper mirror sets each can be individually excited as will be

discussed in the following sections.

Although the explosive development of the inert gas halide lasers

during the same period of time has tended to eclipse the accomplishmentsA.
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realized with other scalable systems operating in the same wavelength

range, the performance of the nitrogen ion laser has placed it into the

same class of reasonably efficient, scalable, high power devices capable

of output at visible wavelengths.

Since its introduction, it has shown even a few advantages over

other laser types operating at comparable wavelengths. Linewidth as

narrow as .007 nm was demonstrated at high intensity levels for wave-

lengths which were not energetic enough to disturb the kinetic sequence

pumping the transition. When excited by an intense electron beam with
-2

currents of the order of 1 KA cm , quasi-cw operation of the laser was

achieved [121 at 427.8 rnm and output power was found to accurately

follow input power after the onset of threshold. A time-dependent power

conversion efficiency of 3% was reported to persist over 80% of the

duration of the discharge pulse [12] and no evidence of bottlenecking

was found over a range of circulating intracavity intensities up to 30

MW cm . Extracted power densities as great as 320 MW k gave no

evidence of disrupting the kinetic sequency pumping the laser transitions.

[131

In preionized discharged 114], [151 the overall efficiency had been

initially observed to degrade, but more recent time-resolved measurements

[16J of the parameters of the helium nitrogen charge transfer laser in

such environments have shown characteristics at lower excitation current

densities which were similar to the e-beam results. At E/p values of

the order of 5 V cm' Torr- l and at a current density of 100 A cm 2

instantaneous power conversion efficiencies of 2% were reported, [16]

with peak powers in excess of 1 MW. The most recent scaling studies

1171 have brought output powers to 5 MW and the corresponding efficiency
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for the utilization of the energy stored on the final discharge capacitor

to 0.4%. With the nearly-resonant discharges described here, best

efficiencies reached 0.6% without yet reaching a peak. Both in timing

and efficiency the performance of the discharge pumped laser is consistent

with the results of the e-beam excitation.

In some respects, such as in the ability of the kinetic channels

and intermediate species to withstand very high circulating powers

without disruption, in the transparency of the laser medium to the

output line, and in the relative freedom of the laser transition from

runaway superfluorescence, the potentials of the charge transfer laser

exceed those of even the rare-gas halide systems. While such results

clearly do not disturb the general concensus that the inert gas halide

laser represent the best of current technology in the short wavelength

region, they are, perhaps, more positive than is usually realized.

Comparative data between laser types is difficult to assess in any

circumstance, and particularly so in this instance. The detailed results

of rather extensive investigation into the helium nitrogen system are

generally unavailable 1121, with published reports giving only preliminary

and fragmentary indications. This is most acutely the case with the

results of electron beam excitation which showed the best levels of

output and efficiency. It is partly the purpose of this work to report

those results, together with new measurements obtained with nearly-resonant

discharges, while attempting to synthesize a general perspective on this

particularly scalable laser pumped by charge transfer from He2. It will

be seen that aspects resulting primarily from the fact that the laser

transition connects highly excited states of a molecular ion have caused

the realization of the potential benefits of this system to lag considerably

behind the development of the excimer devices.

.. .. =a Lmmnl ani~iilI ll
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The first of these problems is that the output scales with ioniza-

tion but the laser medium contains no attaching gases so that efforts to

reach higher output energy densities in discharge devices have necessarily

resulted in electrical avalanches to successively lower values of load

impedance. This growing impedance mismatch with the driving circuit has

limited the useful duration of the pumping pulse to a time comparable to

that required for the avalanche to develop in the laser medium. Thus a

dominant factor controlling the overall efficiency of such a discharge

device is the extent to which the stored energy can be completely dis-

charged through the laser medium in a time comparable to the relatively

few nanoseconds required for the electrical avalanche. This has trans-

formed the problem of optimizing the charge transfer laser into an

effort in technology development. While the excitation of the system

with an e-beam avoids this problem, the relatively low stopping power of

the laser medium introduces concerns for the maximum power density which

can be achieved. It is possible that direct ion-beam or nuclear pumping

holds the greatest potential for the excitation of this system to high

levels of energy density because the stopping power of helium for both

ions and neutrons greatly exceeds that for electrons.

The second difficulty specific to this system has resulted from the

relatively small amount of fluorescence emitted from the upper laser

level under non-lasing conditions. This low fluorescence efficiency

clearly suggests that rates for collisional quenching processes signifi-

cantly exceed the relatively slow spontaneous transition probability

corresponding to a lifetime of 66 nsec. Such a circumstance immediately

implies that the threshold would more difficult to attain in a helium

nitrogen, charge transfer plasma because of the greatly reduced t2
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lifetime of the upper state. However this is the same effect that makes

such lasers less susceptible to uncontrolled superradiancy, as has been

observed to be the case with both e-beam and pure discharge excitation.

Lest it be prematurely concluded that such a high rate of quenching

precludes effective operation of a charge transfer device, it must be

recalled that the probability of extracting one photon per inversion is

given by the ratio I/(I + I s), where I and I are the circulating intra-

cavity intensity and the saturation intensity, respectively. The fact

that the transition occurs between bound molecular levels has been

recently shown [181 to lead to a bandwidth of the gain of only 5 cm-1

and thus, to bring the saturation intensity down to a reasonable value
-2

of the order of 50 KW cm , a value that can be readily attained in a

small discharge oscillator. This factor, together with the relatively

short time during which the discharge impedance remains matched to the

driving circuitry immediately suggests that the nitrogen ion laser would

show its best performance when coupled to the fields in an oscillator-

amplifier configuration. In fact, used as an amplifier, a charge transfer

plasma excited in a preionized transverse discharge, 85 cm in length

exhibited [181 an overall gain of 18 at extraction levels of 1 MW cm
-2

conditions relatively near the ideal extraction of power at zero gain.

The intensity of uncontrolled superfluorescence was found to be less

than two orders of magnitude below that value. Measurements of the

power extracted from the amplifier for various levels of inputs power

were found to agree with a simple model of gain saturation and yielded a

value of the order of 58 KW cm"2 for the saturation intensity.

All elements of the existing data base, whether obtained with

e-beam or direct discharge pumping, can be reconciled with a relatively
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straightforward kinetic model incorporating the following principal

advantages of the charge transfer scheme of laser pumping:

1) Since the sequence can operate as a four-level system, it should

be readily adapted to a variety of excitation devices as the output

should continue as long as the population of the energy storage

level is replaced.

2) Since the operating wavelength is generally longer than the

photoionization and photodissociation thresholds for all of the

important species in the kinetic sequence pumping the inversion

operation at high power density should be possible with no loss of

efficiency.

3) Because the laser transition occurs between bond electronic

states of a molecular ion, the bandwidth of the gain is small, and,

hence, the maximum gain is large. As a consequence, saturation

should be reached at smaller inversion densities than in excimer

transitions.

The limiting kinetic efficiency predicted by the kinetic model most

appropriate to this system is somewhat in excess of 50%. When multiplied

by the quantum efficiency of 6.5% computed with respect to the energy

cost of producing a primary ion, a power transfer efficiency of the

order of 3% is estimated, in good agreement with results measured for

both e-beam and discharge excitation. The overall efficiency with

respect to pulse energy is projected to be degraded in a discharge by

about an order of magnitude as a result of the impedance mismatch which

currently limits the duration of the usable deposition ot power to about

10% of the occurrence of power flow into the laser medium. The resulting

estimate of 0.3% is the magnitude of the overall efficiency actually
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observed in a discharge device. Conversely, the model predicts no such

limitation on the overall efficiency for the output energy which might

be obtained with e-beam, ion-beam, or nuclear pumping. The full 3%

should be attained, thus making possible devices of extremely large

scale.

KINETIC BACKGROUND

Past attempts to quantitatively model the kinetic sequence pumping

the nitrogen ion laser have suffered from the paucity of rate coefficient

data appropriate to atmospheric pressures. Although this can be viewed

as a general problem of high-power lasers excited in high pressure

plasmas, it is interesting to note that the existence of the type of

charge transfer reaction pumping this system was unsuspected prior to

the development of the laser. In fact prior to the work of Lee and

Collins 119], it was generally assumed that the extensive literature

[201 on charge and excitation transfer reactions derived from low pressure

experiments could be used to adequately model the high pressure laser

environment. Unfortunately, it has been recently shown that many of the

bimolecular reactions studied at low pressures have their termolecular

analogs which dominate at pressures around one atmosphere because of the

importance of multibody collisions 1211, 1221. A semi-classical model

of such reactive collisions has been reported (211, [221, which now

provides guidance in estimating these new reaction channels which may be

of importance to a variety of lasers operating in high pressure plasmas.

Recently Petersen 1101 has presented the results of an analysis of

the fairly extensive data base built from e-beam measurements and has

reconciled his model with the independent measurements 1191, 1211, [221
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of certain of the component steps in the kinetic sequence pumping the

nitrogen ion laser. Critical pathways were identified in his work and

through fitting procedures values were obtained for the other important

reactive steps not independently measured. A revision of the kinetic

*scheme over those shown in previous works [12-14], [16], has been made

and the resulting energy pathways are charted in Fig. 1. The primary

steps in the pumping sequence are shown by the heavy arrows and the

principal competing processes are indicated by the heavy dashed lines.

Other supplementary processes are shown by the light arrows being either

solid or dashed to identify their supportive or competitive nature,

respectively. The kinetic sequence begins at the upper left with the

population of He that is created primarily by the electron impact

excitation of ground state He. The laser transition is indicated by the

wavy arrow in the upper center of the figure. Constituent species of the

laser medium shown in the proximity of the arrows identifying the kinetic

pathways denote the reactant partners acting to transform the populations

of the states connected by the arrows.

The rate coefficients and branching ratios descriptive of the

component reactive steps charted in Fig. 1 are summarized in Table 1.

The resulting sequence has served to explain all of the elements in the

existing data base comprising the results of measurements on devices

pumped by e-beams, as shown by Petersen [101. Subsequently the results

obtained from discharge excitation were found to confirm this model, as

well 124].

The value of a comprehensive kinetic model lies in the guidance it

provides in the selection of operating parameters that optimize the flow

of energy through the desired pathways. Unfortunately, an understanding
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of much of the early work was confounded by the properties peculiar to

the kinetics of this type of system. In this system the operating

parameters that are chosen to facilitate the onset of cavity oscillations

do not necessarily optimize the power flow available to the laser transition.

This is perhaps typical of a device operating on a heavily quenched

transition for which the ratio of available fluorescence to the power

flow in the upper state is a strong function of experimental parameters

that is not readily determined. It appears, a posteriori, that many of

the early measurements were dominated by the resulting difficulty in

attaining threshold and in fact, the values of parameters most often

used did not even approximate those optimizing efficiency.

From Fig. I and Table I it can be seen that the rate limiting step

in the growth of the inversion leading to cavity oscillation is the

charge transfer step which scales with the concentrations of both helium

and nitrogen. Howver, at helium pressures compatable with the experimental

apparatus generally used, once the laser transition is saturated the

probability of extracting one photon per ion initially produced is

determined primarily by the competition between the reaction channels of

He'. The branching ratio between those channels should asymptotically

approach unity as the partial pressure of nitrogen is reduced, thus

posing a requirement inconsistent with those needed to attaii. threshold.

The extent to which the kinetic scheme reviewed in Table 1 prohibits the

simultaneous optimization of gain and efficiency can be appreciated in

Fig. 2. There the kinetic efficiencies and small signal gain coefficients

are shown as functions of the power densities deposited in plasmas of

the typical composition indicated. The values actually plotted were

calculated assuming steady state pumping conditions and full saturation
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of the optical transition in the case of the kinetic efficiencies. The

gain coefficients which are presented are those characteristic of zero-

field levels. Effectively, what is illustrated is the anticorrelation

between the ease of attaining laser threshold and the efficiency with

which the deposited power is extracted once it is achieved. As a con-

sequence, this together with the generally small spontaneous fluorescence

emitted confirms the indications that the nitrogen ion laser must be

expected to operate most efficiently as an optical amplifier in which

the growth of the circulating intensity from spontaneous fluorescence is

not a factor.

The kinetic efficiencies shown in Fig. 2 did not represent the

maxima attainable over all possible variations of experimental parameters.

In the limit of increasing helium pressure with a decreasing fractional

concentration of nitrogen and a decreasing pumping rate, the kinetic

efficiency for the production of the upper laser level should approach

the branching ratio of 75% characteristic of the direct charge transfer

step producing that level as a product. However, the concurrent reduction

in gain would make even a viable amplifier unlikely. A somewhat cursory

survey over a more practical domain of parameter space showed that a

value of 60% represented the best kinetic efficiency which might be

reasonably expected. For example, values ranging from 50 to 60% were

calculated for plasmas of 10 atm helium containing 0.075% nitrogen

sustained by power depositions ranging from 1 to 100 KW cm 3 . It is

interesting to note, that as shown in Fig. 2, the lower pumping intensities

that would be characteristic of nuclear induced plasmas were generally

found to give the highest efficiencies of operation, assiming a fully

saturated amplifier.
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One of the more arbitrary features of the kinetic model summarized

in Table 1 is the recombination loss of He+ competing with the
2charge

transfer step. Some previous models 125] of charge transfer lasers have

used room temperature rate coefficients, values which lead to effective
1-6 3 -

recombination rates in excess of 2 x 10 cm 3sec I, even under the

conditions of relatively weak pumping levels of the order of 1-10 KW

-3 +
cm . This would imply a 5 to 10% loss of He2  to recombination in

competition to charge transfer. However in measurements of recombina-

tion rates in e-beam plasmas 126], reheating of the free electrons by

superelastic collisions with the Rydberg molecules resulting from re-
+

combination was found to limit the recombination rate ol He to a few x
2

10-8 cm3sec - 1. Extrapolations [26] of low pressure measurements have

indicated that the recombination rate should display a strong and com-

plicated dependence upon electron temperature and neutral gas pressure,

generally increasing with inverse temperature. Reasonable agreement

with that approximation has indicated that over the range of parameters

considered in these experiments the electron temperature could be expected

to be in the range of 1500 to 2500'K. In the example discussed above

the electron temperature was assumed to be 1500'K and for Fig. 2, 2500'K.

Such values are most nearly consistent with the recombination lifetimes

measured at high pressures and give predicted kinetics efficiencies and

gains in good agreement with experiments.

The conditions shown in Fig. 2 more nearly approximate those describing

electric discharge excitation, while those that led to 50% kinetic

efficiency discussed above are appropriate to weak e-beam excitation. In

the former case the depositions typically achieved were of the order of

300 KW cm"3 which would imply a kinetic efficiency of about 30% and a
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-1 +gain of 0.2 cm"I  Considering the energy cost of producing an He ion

to be 42.3 eV, the quantum efficiencies for the excitation of the 428

and 471 nm lines are 6.8 and 6.2%, respectively, so that a power transfer

efficiency of 2.0% would be expected at 428 nm. Experimental results

presented in the following sections show power transfer efficiencies

measured in discharges to be in excellent agreement with this value of

2% while gains were found to be more typically around 0.17 cm The

data obtained with e-beam excitation showed power conversion efficiencies

which remained constant at 3% for the duration of the e-beam pulse in

good agreement with the 50% value of kinetic efficiency expected for

those conditions. Both cases tended to confirm the assumptions of an

electron temperature elevated to 1500-2500°K.

As mentioned above, the relatively small gains computed under

conditions supporting such favorable kinetic efficiencies occur princi-

pally because of the collisional quenching of the upper laser level by

N2' leading probably to the formation of N4 This process dominates

the losses determining the peak inversion density prior to lasing. Table

1 shows this quenching rate to be

Q = 4 x 10"I0[N 2] + 6 X 10
-8 [el (sec) "  , (2)

where brackets denote concentrations and where the latter term is negligable

in lower density plasmas. (241 This quenching together with the rate

for spontaneous emission gives values typically of the order of 10 nsec

for the lifetime of the inversion obtained with discharge pumping.

Again, lest it be immediately concluded that such a high rate of

quenching precludes the effective operation of a device pumped by charge

transfer from He2 , it must be emphasized that the probability of
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extracting one photon per inversion is given by the ratio I/(I + I s),

where I and Is are the circulating intracavity intensity and the satura-

tion intensity, respectively. The fact that the bandwidth of the gain
-1

is only 5 cm brings the saturation intensity down to a reasonable

value of 50 KW cm- 2 . This value can be readily attained in a small

discharge oscillator and immediately suggests that the nitrogen-ion

laser would show its best performance when coupled to the fields in an

oscillator-amplifier configuration.

ELECTRON BEAI EXCITATION

Because of the high values of gain resulting from the larger energies

that could be deposited, the first studies of the nitrogen ion laser

were made with a laser medium pumped by an e-beam discharge. The resulting

plasma was coupled to the fields in the geometry of a self-excited

oscillator. At first outputs were small, 9 KW, but efficiencies were

around 1.8% [Ili. However, excited volumes were quite small, 0.63 cm
3

and an early concern was to determine the .;calability of this result to

larger volumes more nearly corresponding to the use of the entire trans-

verse cross section of the e-beam.

The subsequent series of experiments reported 127] served to raise

outputs and lower efficiencies, slightly to 1.6%. As discussed above,

the complicated effects that resulted from the anticorrelation of gain

and efficiency tended to confuse the early phenomenology. In a final

series of experiments the performance data was found to be characterized

by relatively few free parameters. With the optimization of those

variables efficiencies of 3% were achieved (121.
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Apparatus

The excitations of the charge transfer plasmas used throughout this

research were produced by the APEX-1 electron beam device constructed by

Systems, Science & Software of Hayward, California. It is a fast pulse,

sheet beam gun emitting 100 KA pulses of 1 MeV with a 1 x 10 cm transverse

cross section. Burn patterns showed the current distribution to be

uniform to visual inspection at the plane of entry into the laser cavity.

As used in most studies, pulse shapes were nearly triangular with 20

nanosecond FWHM and, optionally, with the fall time controlled by a

shorting electrode. The anodecathode spacing in the output diode was

usually increased to give a larger diode impedance and consequently peak

currents between 10 and 30 KA were obtained. Larger currents were not

attempted in general as the operation under those conditions was rendered

difficult by problems of foil survivability.

The experimental chamber used in these experiments consisted of an

optical cavity mounted to a foil support assembly and contained in a

cylindrical high pressure vessel with its axis of symmetry along the

axis of beam propogation. The assembly was constructed of UHV-grade

stainless steel with windows and gas handling connections made with

Varian-type copper shear seals. The laser cavity consisted of a pair of

dielectric mirrors which were mounted to allow angular alignment, spaced

with 14 cm invar rods, and contained in the pressure vessel with the

optical axi% parallel with the longer 10 cm transverse dimension of the

e-beam.

In operation the system was pressurized with I to 35 atmospheres of

a mixture of helium and nitrogen. U 'ul partial pressures of nitrogen

ranged from 2 to 120 Torr. Excitation was provided by the electron beam
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from APEX entering through a supported, 0.002-in (0.05 mm.) thick titanium

foil window and propagating in a direction perpendicular to the optical

axis.

Effects of Mirror Geometries and Coatings

With this system, three laser lines were excited in mixtures of

helium and nitrogen pumped by charge transfer from He 2  As expected,

each corresponded to transitions from the same upper vibrational state,

v' = 0, of the B 2 + electronic state to different lower vibrational
u

states of the X2I + electronic state of the N2+ molecular ion. The threeg

lines and their respective vibrational transitions were: the 391.4 nm

(0,0), the 427.8 run (0,I), and the 470.9 nm (0,2). With the proper

mirror set, each was excited individually. The most work was done on

the (0,I) transition at 427.8 run but since each had the same upper

state, those same results should be roughly characteristic of all with

the exception of the (0,0) transition which self-terminated at very

early times.

Figure 3 provides a comparison typical of the time dependence of

the power emitted in each of the three laser lines. Each was excited

individually to obtain the data shown. As would be expected, a priori

from the 25:4.4:1 ratio for the Franck-Condon factors from the upper

v' = 0 state to the lower v" = 0,1, and 2 levels, respectively, the

onset of threshold was proportionally delayed for the transitions to the

states with greater v". As can be seen, the 391 nm component self-

terminated in about 2 nsec and gave a measure of the time required for

the lower laser state to "fill." Since the lower state of the 428 nm

line differed only in vibrational quantum number, it had the same
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degeneracy and should have "filled" to terminate the 428 nm transition

in a comparable time. That it did not, as seen in the figure, is strong

evidence for the existence of the unbiocking process tending to quench

the vibrational excitation of the lower, v" = 1, state of the 428 nm

transition.

As initial examination of the raw data relating pulse energy to

e-beam deposition did not reveal a trend suggesting the nature of the

dependence of output on the various diverse experimental parameters. In

fact, a highly degenerate system was found for which the same output was

achieved, often with highly variable pulse shapes, from quite different

experimental arrangements. Figure 4 illustrates this point, presenting

results obtained at a relatively low beam current for a variety of gas

compositions and mirror reflectivities. Each datum has three common

features, a standard excitation pulse depositing 78 mJ atm"1 into the

volume coupled to the detected fields, a plane-parallel optical cavity,

and the emission of the single laser line at 427.8 nm. Both efficiencies

and output are relatively far from optimal and the data is only interesting

for its strong dependence on "spurious variables."

Although the plane-parallel optical cavity generally appears the

most attractive in terms of analysis, a priori, in fact this is only the

case for cw oscillation after stable cavity modes have developed. The

transient response of such cavities to self-excitation is quite complex.

This problem was considered in detail in contract reports [28] and an

analytical procedure was developed to describe the time-dependent growth

of the plasma volume interacting with the cavity fields. The results

described the relative fractions of the energy extracted from the inversion

that were coupled into the output at each particular instant and were
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used to deconvolute the time-dependent laser intensity observed for a

given measured average beam divergence. In this way the average field-

plasma interaction volume and the fraction of the energy extracted from

the plasma that was emitted into the output beam in comparison with that

"walking off" the mirrors was determined for each measurement. Figure 5

shows the application of the resulting unfolding processes to data

typical of that plotted in Fig. 4. The type of cavity, plane or hemis-

pheric is denoted by P or H, respectively, followed by the output coupling

fraction. Quite a variation of functional forms had been measured for

the time-dependent intensity but all led to average volumes between 12

and 22 cm3 . That this unfolding process was meaningful is based on

pragmatism. As will be shown below, it reduced the multivariate depen-

dence of all the data obtained to a form dependent upon a single parameter,

the pressure.

For the data at the lower end of Fig. 4, to exceed threshold,

highly reflective mirrors had to be used which greatly raised the ratio

of circulating power to emitted power on any particular pass. As a

result, walk-off losses were very large. Figure 6 illustrates the

effect of correcting this data with the ray-tracing program to obtain

the total energy extracted from the plasma. The data for the first two

cases of coupling shown in Fig. 5 are presented. Since average volumes

were the same in both cases, the effect of walk-off was isolated. As

can be seen, the pronounced differences in emitted energy are not found

in a comparison of extracted energies.

The same agreement was found in all data taken with plane mirror

sets, except those oscillating very near threshold at pressure of 3 to 4

atm. This analysis served to show that all of the available energy was
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being extracted from the plasma by the fields eveu at relatively low

intracavity powers and that the only effect of the varying mirror co-

efficients was to determine the rate at which that energy was extracted

and whether it was routed into the transmitted beam or walked off the

mirrors. This was a very important conclusion because it greatly

facilitated the parameterization of the data.

To confirm the concept that the total energy extracted was indepen-

dent of mirror parameters, over the range spanned by these experiments

an effort was made to obtain a cavity geometry with low walk-off losses.

It could be reasonably assumed that for hemispheric cavities with large

angular aperture compared to the output beam divergence, ray stability

existed for an appreciable region around the cavity axis. For such

cavities the walk-off fraction could be expected to be negligible in

comparison with plane-parallel cavities. For the same plasma conditions,

then it could be expected that the energy emitted from a hemispheric

cavity would roughly equal the total extracted with either mirror geometry

and this was found to be the case experimentally. Thus, the overall

procedure of data reduction of the laser pulses at 428 um was found to

simplify the multivariate dependence of all the measurementi obtained

from plane cavities into a form dependent upon a single parameter, the

pressure, and to yield a value in agreement with the output measured

from hemispheric cavities, assumed to be lossless.

Electron Beam Propagation and Energy Deposition

To determine the efficiency of the extraction of output energy the

deposition of electron beam into the laser cavity must be accurately

calculated. An essential factor in the understanding of the energy

deposition from the beam lies in the fact that scattering and stopping
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power do not have the same dependence [29) on atomic number, Z. As a

consequence, it is possible to have a situation in which a considerable

fraction of beam energy is stopped without appreciable scattering or,

conversely, that the scattering is so great that the simple approximation

of the product of the stopping power and penetration depth seriously

underestimates the energy deposition, even for small fractional losses

of beam energy.

The almost singular case of the light inert gases excited at beam

currents below 20 KA falls into the first category, and simplifying

assumptions exist which render the problem tracteble without resort to

the complex deposition code necessary for the computer modeling of inert

gas halide laser. Subject to limitations on the product of gas density

and beam penetration depth, discussed in previous work, 1281, [301 the

problem can be resolved into that of the differential energy loss in the

gas of the electrons in the beam, the morphology of which is completely

determined by the foil window through which the beam has entered. For a

titanium foil, 0.05 m thick, the following bounds on the domain of gas

transparency were obtained.

PX(He) 273 atm cm (3a)

PX(Ne) 13 atm cm (3b)

PX(Ar) ! 4.3 atm cm (3c)

where P is the gas pressure in atmospheres and X is the penetration

depth of the beam into the gas.

It can be seen from these results that, whereas the simplifying

assumptions break down for argon (Z=18) at an inch of penetration at two
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atmospheres, they remain valid in helium (Z=2) over the entire span of

parameters required for practical operation of a small test laser device.

For example, at 30 atmospheres pressure, the simplified model is valid

to at least 9.1 cm depth of penetration which is sufficient to describe

about a half liter volume excited by a 1 x 10 cm electron beam of diver-

gence characteristic of transmission through a 0.05 mm titanium foil

window at 1 MeV for currents less than 20 KA. At higher currents, the

"drag e.m.f."1311 resulting from the return currents should be considered.

A complete analysis for helium including the dependence of stopping

power and foil scattering on time-dependent beam energy has been calculated

[28], [301. It led to an average power deposition constant of 17.3

Megawatts/£/atm/KA on the plateau and slightly different values on the

leading and trailing edges of the pulse. However, in view of the uncertain

detail of the time-dependence of the beam such analysis was deemed to be

excessively tedious. A re-examination of the beam scattering as evidenced

by burn patterns on plastic targets led to an expression for the average

power deposition of

17.2 Megawatts/k/atm/KA (4)

on the beam axis at the depth of penetration of the cavity center. This

value was used for the calculation of efficiencies throughout the work

reported here.

The actual values of current density in the electron beam were

measured with a calibrated Faraday cup which replaced the pressure

vessel and laser cavity. Particular attention was paid to relative

timing and cable lengths so that the temporal relation between beam

current and laser output could be determined subsequently. Output from

the Faraday cup was directly recorded with a 519 oscilloscope. Laser
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performance data were collected over a broad span of experimental para-

meters. Total pressures ranged from 1 to 35 atmospheres with partial

pressures of nitrogen varying from 2 to 120 Torr. As discussed immediately

above, the variation of cavity constants affected the rate of energy

extraction from the e-beam plasma, but had little effect on its total.

To within rather unrestrictive limits the deconvolution program was able

to reduce the parameterization of the laser performance to dependence

upon a single variable, the total pressure. The limits bounding this

parameterization were primarily a consequence of three effects.

1) If the ratio of nitrogen to helium was so excessive that the

t + +1conversion reactions changing He to He2 could not go to completion,

the laser output was drastically reduced or prevented altogether.

2) If the combination of mirror loss and gas composition was such

as to delay the onset of lasing until beam current was beginning to

decrease at the end of the e-beam pulse, the outputs were again reduced

or terminated. Evidently, in this case, the excited state chemistry was

altered by the termination of the beam and competing processes such as

recombination with the cooling electrons became important.

3) If the output coupling was so excessive that threshold was

delayed for a time comparable to the quenching lifetime of the upper

laser level, output energies were proportionally reduced.

Except for data obtained under those conditions, most of the data

could be reconciled with a very simple parameterization of the total

energy extracted from a standard plasma volume.

Laser Output

The largest laser outputs found at 427.8 nm in the raw data were

from the hemispheric cavity having 27% output coupling and the average
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volume appropriate to that data was 16.2 cm3. This was chosen as the

"standard volume." Since walk-off was assumed zero for the hemispheric

cavities, the largest laser outputs, those from the 20-35 atm data,

simply corresponded to unscaled measurements of the total energy emitted

into the output beam. For the VIrposes of parameterization, other

measurements was scaled to obtain the total energy extracted from a 16.2

cm3 volume of the plasma, so that Ex = (I + W) x (16.2/V) X Ee, where Ee

was the energy emitted by the cavity into the laser beam, E was thex

total energy extracted from the plasma by the field, V was the average

volume from which it was extracted, and W, the average ratio of energy

walking-off the mirrors to that emitted into the beam. As mentioned

above, for hemispheric cavities, W was assumed to be zero.

Of the other laser lines, the problem of determining the absolute

energy deposition from the electron beam in the radiating volume was

particularly acute in the case of the 391.4 nm emission. Since the

laser output in this case occurred so early in the course of the e-beam

pulse, it would have been misleading to correlate the laser pulse energy

with the entire e-beam input energy. Clearly it was only the e-beam

energy which was deposited before the termination of the laser pulse

that contributed to the laser excitation. In contrast to the case of

the 428 nm line for which the energy deposited during the entire duration

of the e-beam was assumed to contribute to the input "cost" of excitation,

in the case of the 391 nm output the procedure was adopted of considering

only that fraction of the e-beam energy input prior to the termination

of the laser output pulse.

Because of the drastic difference in the pulse shape of the 391 nm

transition the growth of the interaction volume in the laser cavity was
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quite different as evidenced by the considerably increased divergence of

the output beam. This, consequently, offered the best test of the

deconvolution procedure because the variance of divergences and inter-

action volumes had been relatively small in the case of the (0,I) transi-

tion at 428 nm. For the self-terminating (0,0) transition at 391 rm the

average interaction volumes were found to vary from 3.4 to 14 cm3 , a

range which was more than sufficient to mask other systematic variation

of laser output with experimental parameters such as pressure and current.

Figure 7 shows the almost random appearance of the performance data for

the 391 nm output energy plotted in the lower half of the graph. The

marked improvement obtained in the upper half was the result of the

deconvolution analysis, particularly the removal of the dependence on

interaction volume. All data are represented in the upper half and the

shading of the points to indicate the beam current has been removed to

reduce confusion. Whereas the organization of the data into a compact

group is the result of scaling the interaction volume, the large displace-

ment of the points upward is the result of correcting for absorption and

walk-off.

Because of the drastic difference in the pulse shape of the 391 nm

output two expressions for the energy extracted were necessarily considered.

First was the net energy extracted from the plasma, which was the measured

output emitted into the beam corrected for walk-off losses according to

the previous expression. For this case these losses were comparable to

those observed for the 428 nm data at comparably low pressures. Second,

however, was the gross energy extracted. This was the net energy plus

the energy extracted by the fields in the cavity and subsequently re-

absorbed at the end of the laser pulse. This re-absorption loss was

also calculated by the unfolding program and in the case of the data of



30

Fig. 7 it was quite significant. Again, this is in contrast to the 428

nm data for which re-absorption was always less than 7% of the output

and, hence, was neglected. This correction for re-absorption is the

largest contribution to the upward displacement of the data seen in

Fig. 7 and required that the data of the upper half of the graph be

considered the gross energy extracted from the plasma by the fields in

the cavity.

The resulting summary of measurements at both 428 and 391 nm is

presented in Fig. 8. The total energy extracted from the 16.2 cm3 of

the charge transfer plasma is plotted as a function of total gas pressure.

Data have all been scaled to correspond to excitation at the level of 76

mJ/atm by a standard discharge pulse containing 275 p coul of integrated

current. As mentioned earlier this choice sets all scale factors to

unity for the higher pressure conditions run with hemispheric cavities

so that the larger pulse energies shown in Fig. 8 are simply equal to

the values measured in the output beam. When plotted in this manner the

gross extraction of power by the circulating fields from the population

inversion pumped by the kinetics can be shown to comprise the "master

curve" of laser performance depending upon a single parameter, the total

pressure. The particular form of the master performance curve shown in

Fig. 8 is in good agreement with the kinetic model described in the

previous section [10).

It can be seen from Fig. 8 that even though the 391 and 428 am

outputs start at substantially different times in the life of the plasma,

the same integrated extraction efficiency is achieved. That this energy

is not extracted in the (0,2) transition at 470.9 nm is a consequence of

the relatively small cross section for stimulated emission, as well as

the small transition probability and, hence, slow accumulation
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of spontaneous emission at this wavelength necessary to initially excite

the cavity oscillations. Evidentally the cooling of the plasma at the

end of the e-beam discharge destroys the stored energy of the inversion

by recombination of the ions. Either a longer duration e-beam pulse or

an external source of cavity excitation would be necessary to extract

the stored energy at 471 run.

Operation of a Regenerative Power Amplifier at 470.9 nm

As shown in Table 1. the cross section for stimulated emission on

the (0,2) vibrational component at 470.9 nm should be smaller than the

corresponding cross section at 427.8 nm by a factor of about 3.6.

However, the resulting difficulty in starting cavity oscillations is not

the only factor impeding the effective operation on this line. The

problem of the efficient extraction of the energy from the inversion is

further compounded by the correspondingly increased saturation intensity.

Elementary considerations show that the saturation intensity at 471 nm

reaches 190 KW cm-2 when the value at 428 nm is the measured 58 KW cm
- 2

If oscillations could be started despite the smaller gain, it would be

necessary to maintain a higher level of circulating power in order to

achieve comparable efficiencies. Both effects contribute to the relative

weakness of the outputs from self-excited oscillators operating on this

blue-green line, even with high levels of excitation as shown in Fig. 3.

Not only must the growth rate of the intensity at 471 nm be adequate

to attain the saturation intensity in a time comparable to the lifetime

of a photon in the cavity but another criterion must be met to attain

successful operation in the self-excited oscillator geometry. The

desired growth of the blue component must exceed that of other components
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resulting from transitions from the same upper laser level. This require-

ment can be conveniently expressed,

R BL  RYVL
RB2 > RV, (5)
B V

where the subscripted B and V denote the blue and violet transitions at

471 and 428 nm, respectively, the y represents the small signal gain per

unit length of the plasma, the R represents the mirror reflectivity for

the indicated component, and L represents the length of the amplifying

medium. If Eq. (5) is satisfied, then upon each transit of the plasma

followed by reflection at the mirrors, the intensity of the blue transi-

tion will grow more than that of the violet. Saturation of the gain

will, of course, render the equivalent inequality for higher intensities

more complex but since both transitions have the same upper level, both

will be reduced by the saturation and thus, the transition "starting

first" will extract most of the energy stored in the upper state population.

Over the useful range of operating parameters, the inequality of

Eq. (5) can be reduced to a more tangible form by recognizing that in

practice the "lasing" of a self-excited oscillator means having achieved

a total small signal growth of the initial spontaneous intensity of a

factor of the order of 106 to 107 after N transits of the medium so that

N BLSyB - 16 (6)

represents an approximate quantification of the condition for successfully

exciting the blue line. Solving Eq. (6) for
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¥B L

and substituting from Table I the relation yV= 3.6 B gives an approxi-

mation for the number of cavity transits required for the oscillation of

the system individually on the blue line and not on the violet,

N > 36 Ilog(RB/Rv)j (7)

The critical parameter for the isolation of the less probable blue

line is the ratio RB/RV which is a measure of the wavelength separation

factor of the mirrors for the two transitions. For the data of Fig. 3

the value of RB/RV was about 3 so that N > 33 transits of the cavity

should have been necessary for the initiation of laser output at 471 nm.

The time for a transit was of the order of 0.5 nsec so that "threshold"

should have occurred around 18 nsec, an expectation in reasonable agree-

ment with the results observed.

About the best separation factor which can be obtained for the

mirrors appears to be around 25 if a bandwidth comparable to that of the

gain is to be maintained. This offers only modest improvement, to

N 2 II, and suggests that the operation on the blue line is best achieved

with some variety of amplifier geometry. In agreement with these expecta-

tions the best outputs actually achieved with such mirrors were of the

order of a few hundred KW and occurred too late to approach a level of

energy extraction comparable to that achieved at 428 nm. Moreover,

these considerations seem to preclude the individual excitation of the

(0,3) transition at 522.8 nm, at least with the existing e-beam machine.

For that transition in the yellow, yy = 14.0 yV, and the numerical

factor in Eq. (7) would become 180 instead of 36. With a comparable



34

separation ratio for the 523 nm line as was used to obtain the data of

Fig. 3, even comparably low output would be obtained only after about 90

nsec of excitation.

The value of saturation intensity required at 471 nm is not large

in comparison with that of excimer transitions. In fact it is reasonable
-2

to expect that 200 KW cm peak power might be readily achieved in a

small oscillator and then injected into the e-beam cavity in order to

achieve an early saturation of the charge transfer plasma.

Such an experiment has been recently reported [32] in which an

optical regenerative amplifier was operated successfully on a component

of this blue-green (0,2) band of N2 . The optical cavity used in those

experiments consisted of one plane and one concave mirror separated by

12.5 cm and arranged on an axis perpendicular to the direction of e-beam

propagation. Dielectric coatings were obtained to give a mean photon

lifetime in the cavity of 20 nsec at 470.9 nm and only 0.8 nsec at the

427.8 nm wavelength corresponding to the (0,I) component, thus corresponding

to a wavelength separation ratio, as shown in Eq. (7) of 25.

A master oscillator was constructed from a pulsed dye laser using

coumarin 1 dye pumped by a conventional nitrogen laser with a peak power

of several hundred kilowaLLS. An intracavity telescope together with an

1800 line/rn grating in the dye laser cavity gave an oscillator bandwidth

corresponding to about 0.07 nm at 470.9 rim. Peak power of the order of

one kilowatt were obtained within this bandwidth.

Output from the master oscillator was coupled into the cavity of

the regenerative amplifier through the partial transparency of the plane

mirror. Unfortunately the relatively long photon lifetime in the cavity

together with the rather short duration of the oscillator pulse combined



35

to render the coupling of the oscillator to the amplifier comparatively

weak. Most of the illumination incident upon the amplifer cavity was

rejected and the intracavity fields could not in single pulses build to

values much in excess of the external fields. As a result, it was

estimated that the peak oscillator power actually coupled into the

amplifier was of the order of a few hundred watts at best.

Synchronization of the dye laser oscillator with the e-beam was

accomplished by delaying a timing pulse from the e-beam command circuit

with a variable delay generator and then using it to trigger the thyratron

switching the nitrogen laser pumping the dye. Overall system jitter was

of the order of 50 nsec and was observed to be quite random. This

required an undesirably large number of e-beam discharges be made in

order to obtain a few in which synchronization occurred to an accuracy

comparable to the mean lifetime of an oscillator photon in the amplifier

cavity.

Figure 9 shows typical Uati obtained when favorable timing was

achieved. The intensity of the o'plifier output at 470.9 nm is shown as

a function of time following the onset of the e-beam current. Under

these conditions the amplifier plasma was being pumped by an e-beam

sheet reaching a peak current of the order of 22 KA with transverse

dimensions of I x 10 cm. The dotted lines in Fig. 9 bound the variance

in the times at which the e-beam current had decayed to I/e of the peak

value. This variance itself was contributed by an auxiliary crowbar

electrode in the e-beam diode envelope which served to chip the low

energy tail of the pulse in order to improve the foil lifetime.

Data from two separate discharges are shown in Fig. 9 together with

the individual oscillator pulses injected into the amplifer cavity. In
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order to render both signals visible on the same scale the pulse from

the oscillator was obtained from the dye laser beam rejected by the

amplifier cavity. Being of low divergence it passed completely through

the apertures providing geometric attenuation of the more divergent beam

subsequently emitted from the cavity. Thus, although the sensitivity

scales were the same between the successive discharges shown in Fig. 9,

the oscillator pulses were not on the same scale having bypassed a total

of several order of magnitude of attenuation.

The upper trace in Fig. 9 can be seen to correspond to nearly

optimal occurrence of the oscillator timing. The lower occurred too

early by about two mean photon lifetimes in the cavity implying that the

oscillator intensities circulating within the amplifier cavity were down

by more than a factor of 7 at the start of the e-beam discharge. Neverthe-

less, even this reduced level of injected energy resulted in some output

as the power emitted from self-excited oscillations in the amplifier was

generally inadequate to record on the oscilloscope and could only be

dimly seen as a very diffuse pattern on a screen in a darkened room. In

contrast the output corresponding to the upper trace was visibly both

intense and compact as expected from the appearance of the pattern of

the oscillator power re-emitted from the amplifier cavity in the absence

of e-beam excitation.

Figure 10 shows the dependence of the amplifier output on the time

delay between the onset of e-beam current pumping the amplifier and the

arrival of the optical pulse from the oscillator. This delay could not

be controlled on the time scale shown and the points plotted represent

the random delays resulting from the system jitter. The data from the

lower trace in Fig. 9 is not shown as it would have plotted below the
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coordinates chosen. The decrease in output with the increasingly early

arrival of the oscillator pulse is roughly consistent with the inferred

lifetime of those photons in the amplifer cavity.

Somewhat surprising is the apparent occurrence of the peak in

Fig. 10 at small negative times. This may have resulted from non-optimal

coupling of the oscillator fields into the cavity. The mean photon

lifetime in the cavity quoted earlier as 20 nsec corresponded to purely

axial propagation. Since this represented fewer than 50 cavity transits,

the excitation of stable cavity modes could not have been necessarily

expected. If the amplifier cavity is considered to have been an optical

waveguide folded upon itself, the stably propagating modes must have

consisted of bundles of rays periodically converging and diverging upon

reflection at the cavity mirrors. For non-ideal bundles of rays initially

incident upon such a structure the divergence is great after several

reflections and the fraction of propagating photons walking-off the

mirror on the next reflection is large. However, once the maximum

divergence has been past the subsequent pattern of focusing and defocusing

is simply periodic and the remaining photons stay in the cavity until

they are transmitted through the mirrors. It can be reasonably expected

that the energy finally emitted into the output beam would be greater if

the maximum divergence of the circulating intensity, with its high loss

of photons, had passed before amplification ensued. This would require

an early arrival of the incident pulse from the oscillator and could

explain the peak performance seen in Fig. 10 at small negative times.

Interferometric measurement of the amplifier output showed the

laser line to be considerably narrowed. An FWHM of 0.007 nm was found

in contrast to either the 0.07 run bandwidth of the oscillator pulse
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originally injected into the cavity or to the 0.11 nm pressure-broadened

bandwidth of the gain of the medium. Thus it appears the system described

here was not working as a conventional injection-locked oscillator in

which a narrow band input serves to frequency-lock a broadband amplifier.

This was confirmed by the inability of the amplifier to track the oscillator

as it was tuned to either side of the output line by a measurable amount.

Rather the system seemed to operate as an optical regenerative amplifier

in which the useful portion of the input bandwidth excited growing

oscillations in the amplifier cavity. In any case it appears that the

injection of broadband illumination near 470.9 nm into an amplifier

cavity offers a means not only of switching the nitrogen ion laser

output into the blue-green but also provides the radiation needed to

reach an early saturation of this low-gain transition so that optimal

efficiency may be achieved.

Temperature Dependence

With the e-beam excitation the most recent advances in laser per-

formance have resulted from cooling the gas. Recognizing that the

effectiveness of the multibody reaction channels appearing in Fig. I

should be inversely correlated with the gas tiperature, it was expected

that the overall laser output would be somewhat temperature dependent.

Unfortunately the existing laser device was not designed for thermal

cycling and this together with the relatively high thermal conductivity

of helium made the accurate control of gas temperature very difficult.

Best control was obtained by mounting the device on a 30 cm drift tube

which was then connected to the electron beam gun with an additional

foil assembly. When the drift tube was filled to a rather critically

defined pressure of nitrogen of around 0.5 Torr about half the electron
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beam current could be conducted to the laser device. Under those con-

ditions the more limited thermal conductivity reduced the thermal flow

from the gun and afforded some control over temperature in the laser.

Cooling in that arrangement was accomplished by circulating cold

liquid nitrogen vapor through a heat exchanger attached to the pressure

vessel containing the laser device and the average gas temperature in

the cell was determined by measuring the pressure as the system cooled.

Since the laser cavity was positioned closest to the source of the

thermal flow into the heat exchanger, the actual temperature in the

laser cavity was necessarily higher than the average gas temperature.

Hence, the following data presented underestimate the effect on laser

output of reduced gas temperatures by underestimating those temperatures.

However, the variation of laser output with changes in average gas

temperature in the pressure vessel could be obtained. Figure II shows

the effect of continuously cooling the gas prior to the electron beam

discharge at a nominal current down the drift tube of 11 KA. As can be

seen factors of improvement of as large as 10 were achieved for a 42'C

decrease in average gas temperature. As might be expected, the limiting

temperature appears not to have been reached at -20*C.

In an attempt to verify that the thermal enhancement observed was

not limited to excitation at the low current available from the drift

tube, the laser device and liquid N2 heat exchanger were connected

directly to the electron beam gun. Though not as remarkable as the

effects on the outputs from the drift tube configuration shown in the

previous figure, the effects of a similar decrease in average temperature

on discharges at higher currents and pressures were substantial. "Best"

outputs at each pressure were increased by a factor of approximately 21,,



40

for a 40 to 50*C decrease in the average gas temperature which in this

configuration even more seriously underestimated the actual gas temperature

in the laser cavity. It was found that the low temperature data had the

same dependence upon the total gas pressure shown in Fig. 8, but was

raised by a scale factor of approximately 2. In fact the data was

closely approximated over the range of pressure examined to 30 atm by

the parameterization of the efficiency

e(-200 C) = 6.8% (P/56) 1 2 , (8)

where P is the equivalent gas pressure at room temperature, and 6.8% is

the limiting quantum efficiency.

The actual dependence of laser output on gas temperature is, in

fact, more complex than might be inferred from Eq. (8). In part, this

results from the effect of cooling on the quasi-cw operation of the

laser. Probably, through an enhancement of the three-body reactions in

the kinetic sequence and through some narrowing of the pressure-broadened

gain bandwidth, cooling of the gas tends to initiate quasi-cw operation

at a lower operating premature than would otherwise be possible. This is

best seen in Figs. 12a and 12b which show the time dependence of the

power emitted at a relatively low pressure for nominal discharge currents

of 15 and 20 KA, respectively. To facilitate the estimation of the time

dependence of the efficiency for the emission of the output power relative

to the input power to the cavity, a constant fraction of the input power

has been shown by the dashed curves.

It can be immediately seen that in neither case is quasi-cw operation

in evidence at room temperatures. In both figures the output is seen to

terminate before the input. However, as the temperature was decreased,
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two effects were noticed. First, quasi-cw operation was maintained for

later times and the constancy of the power conversion efficiency improved

with decreasing temperature. Secondly, at sufficiently low temperature,

around -20*C, the onset of threshold occurred earlier with operation at

constant efficiency being more rapidly attained. From the standpoint of

efficiency with respect to input power, the constant level of 1.9% seen

in Fig. 12a achieved after onset of threshold at 7.7 atm pressure and 15

KA excitation current is considerably in excess of the value of 0.6%

consistent with the parameterization given by Eq. (8).

The same general behavior was found at higher pressures as shown in

Fig. 13 for the excitation of 11 atm of gas mixture at a nominal 20 KA

of beam current. These results suggest that the efficiency most char-

acteristic of the laser performance is the steady state value of the

power transfer efficiency reached at later times when the transition is

fully saturated. At least over the range of times available to these

experiments it appears that at low temperatures the laser output can be

expected at that level of efficiency for as long as it is pumped by the

electron beam. Such operation is of extreme importance as it points the

way toward much longer output pulses to be obtained from longer discharge

pulses. The processes which must ultimately limit completely continuous

operation could not be determined from this data as no degradation of

output could be detected over the range of times for which excitation

could be sustained.

Finally this quasi-cw operation characteristic of a 4-level laser

was observed at the highest pressures which could be accommodated by the

existing pressure vessel. As seen in Fig. 14 operation at a steady-state

power efficiency of 3% was achieved at -20*C for an average gas density



42

corresponding to a pressure of 35 atmospheres at room temperature. The

corresponding pulse energy was 80 mJ and represented a peak power density

of 320 W 2I, and an energy density of 5 J I-I at an efficiency of 3%.

Intracavity circulating powers reached a peak of over 1.2 GW k-I at an

intensity greater than 20 1W cm- 2 with no evidence of either bottlenecking

or photoionization of any of the species important to the kinetic chain.

DIRECT DISCHARGE EXCITATION

Early reports [141, [151 of the discharge excitation of the laser

transition at lower current densities than used in the e-beam studies

presented output efficiencies of only about 0.05% of the total stored

energy. No instantaneous efficiencies were reported and whether the

lower overall values resulted from a decoupling of the plasma load from

the driving circuit or whether it resulted from some failure of the

kinetic mechanisms in the discharge environment was not determined.

Other discrepencies were found in the timing of the development of the

laser pulse that intensified concern over the similarity of the pumping

mechanisms under the different conditions of excitation. While the

results for e-beam pumping had indicated a delay of 5-10 nsec between

the onset of the excitation current and the initiation of the laser

output, a more immediate development of the laser output was observed

from the discharge plasmas having greater gain pathlengths. Less than I

nsec delay was observed with an output pulse risetime of the order of 2

nsec. Using the accepted values of the binary rate coefficients available

at that time, the lifetime against charge transfer from helium to nitrogen

should have been in excess of 10 nsec at 3 atm pressure of the gas

compositions generally used. This apparent inability of charge transfer
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to pump the laser transition fast enough together with the lower effi-

ciencies led Ischenko et al. [61 to misidentify the principal kinetic

step as being direct collisional excitation of neutral nitrogen by hot

electrons in the tail of the energy distribution present in thir wall-

stabilized discharge.

The multibody charge transfer collisions reported subsequently

[19], resolved this problem by providing the necessarily high rates of

reaction. For example, at 5 atm pressure the reaction time for the

charge transfer step shown in Fig. 1 was reduced by nearly 60% to a

value of 1.8 nsec for the gas mixture containing 0.15% N2 usually used.

It thus became consistent with the timing of the laser outputs to attribute

the operation of the helium-nitrogen laser under either e-beam, or

direct discharge pumping to the common excitation scheme charted in

Fig. 1 for the rate coefficients summarized in Table 1. In fact the

studies of the instantaneous power transfer efficiencies reported in

part in recent notes [161-[181, showed that the lowered output efficiencies

generally occurred as the result of a loss of coupling between the

electrical load and driving circuits caused by the time-varying impedance

of the laser tube. At the E/p values of the order of 5 V cm- I Torr -

and the current densities of 100 A cm 2 employed in that work power

transfer efficiencies of 2% were reported, with peak powers of 5 MW.

Preionized Atmospheric Electrical Avalanche (AEA) Lasers

A schematic representation of the main discharge system together

with the principal diagnostic circuitry used in the studies mentioned

above is shown in Fig. 15. The laser tubes consisted of machined delrin

or acrylic pressure vessels containing electrodes which could be varied
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in length from 10 to 137 cm. The thickness and separation of the elec-

trodes could be varied to give apertures ranging from 0.1 to 1.4 cm-,

though not necessarily for each possible length.

The data most suitable for analysis in terms of power transfer

efficiencies were obtained with a configuration employing 87 cm long

electrodes of 0.3 cm thickness separated by either 1.3 cm or 1.7 cm

[161. The current flow in the tube was transverse to the optical axis

giving computed inductances for the laser tube of 0.23 and 0.3 nH,

respectively, for the two possible electrode spacings. Measured values

agreed with the computed values to within experimental error. As shown

in Fig. 15 the laser tube was connected in a lumped Blumlein circuit

switched by an EG&G 3202 hydrogen thyratron. For the studies of power

transfer efficiency the capacitors marked C in the figure were constructed

from 0.08 cm thick G-30 printed circuit board, copper clad on one side

and contacted to two sheets of 0.039 cm thick mylar on the other. A

foil electrode contacted to the outer surface of the mylar completed the

czpacitors giving a value of C=12 nF for each. Other configurations

wer, utilized in scaling studies.

In operation the electrical performance of the main discharge

circuit resembled that of the neutral N2 laser described and analyzed in

detail by Fitzsimmons (331. Because of the relatively high inductance

of the thyratron, the switching circuit functioned as a lumped LCR

circuit which, upon commutation of the thyratron, tended to invert the

voltage across the left capacitor in Fig. 15. The ringing period of the

switching circuit was of the order of 100 nsec in this arrangement.

As the voltage across that capacitor proceeded toward a full inversion,

the voltage across the laser tube tended toward twice the original
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charging voltage. At some point, depending upon the pressure and gas

composition in the laser tube, the E/p would reach a value sufficient to

support the avalanche growth of the ion concentration in the gas mixture,

thus initiating the kinetic chain pumping the laser transition. As the

laser medium became more heavily ionized, the conductivity increased

permitting the energy storage capacitor to the right of the first laser

tube in Fig. 15 to discharge through the laser plasma on a time scale

short compared to the original ringing period of the switching circuit.

In the atmospheric electrical avalanche (AEA) device finally realized in

those experiments, discharge currents up to 30 KA could be attained with

risetimes of a few nanoseconds. Switched voltages approaching 50 KV

could be developed across the laser tube prior to breakdown.

As the avalanche proceeded to completion in the laser medium, the

conductivity of the plasma continued to increase until the discharge

impedance dropped below the impedance of the stripline comprising the

energy storage capacitor. At that point the laser tube effectively

short circuited the line allowing it to discharge at high current with

little voltage drop across the laser plasma. The resulting decrease of

E/p in the plasma then permitted the electrons to "cool", effectively

terminating the laser pumping kinetics by stopping the production of new

ionization. In fact it was found that useful power was coupled into the

plasma load only for relatively short times and the majority of the

energy originally stored in the capacitors persisted in ringing through

the electrically shorted plasma remaining at the end of the avalanche.

This suggested the use of several identical laser tubes coupled to the

driving circuit in a transverse series connection, as shown schematically

by the dotted portion of Fig. 15 so that one tube could act as the
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switching device for the next. In this way a relatively fixed synchroni-

zation could be maintained between the plasmas and the laser output from

one could be threaded back through the next after an appropriate optical

delay had been introduced so the entire system could function in a

master oscillator power amplifier MOPA configuration. Moreover, the

overall efficiency would be improved, since the energy stored on the

first capacitor and lost in the commutation would be needed only once in

the system. In operation each laser tube would be driven by the energy

stored in the capacitor, C, of the stripline immediately to its right as

shown in Fig. 15. The operation of such a discharge sequence is discussed

in the following section.

It was found that regardless of the number of component tubes

excited adequate preionization was necessary before the main discharges

could develop uniform and stable plasmas. In the AEA laser finally

realized in this work spatial uniformity was achieved up to 9.3 atm

pressure in discharges with transverse aspect ratios varying from 1 x 1

to 6 x I through the use of displacement current preionization, a technique

superior to UV-preionization in relatively "transparent" gases such as

helium. For each tube a potential of the order of 40 to 50 KV was

applied to an electrode outside its pressure vessel in a manner to

create an intense electric field perpendicular to the axis of discharge

current flow and perpendicular to the optical axis. The high voltage

pulse was developed by a cable transformer driven by a grounded grid

thyratron switching a low-inductance capacitor. A delay of the order of

0.5 to 1.0 microsecond between the preionization and the main discharge

was found to be necessary. Since both the preionization and the main

discharge were switched by hydrogen thyratrons the AEA laser could be
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readily operated at repetition rates from 1 to 30 Hz. Because of the

longitudinal gas flow, excessive heating prevented the operation of the

device at high repetition rates. However, it appeared that a transverse

gas flow would allow operation at much higher repetition rates.

As shown in Fig. 15, the electrical performance was monitored by

voltage and current probes connected to the first laser tube. A tapped

water resistor was placed across the tube and inductively decoupled from

the ground of a Tetronix 519 oscilloscope to provide the means for

measuring the voltage difference applied across the laser tube. The

current flowing in the discharge loop was monitored with a B loop which

could be rotated through 1800. In fact, this rotation proved necessary

because of the capacitive coupling between the loop and the extended

capacitors. Each measurement of current was determined from the difference

of two measurements of B made with the plane of the loop being rotated

through 1800.

Typical diagnostic data were presented in Ref. [16] together with

performance data which will be reproduced here for convenience. Optimal

performance of the laser, when operating with a single tube coupled to

the fields in the geometry of a self excited oscillator, was found to

correspond to conditions for which the duration of the avalanche spanned

the time of occurrence of the maximum in the open circuit voltage developed

across the tube under calibrating conditions for which the avalanche was

inhibited. As was expected, increases in pressure in the laser tube

caused progressive increases in the delay of the onset of the avalanche

with corresponding increases in the voltage developed until the desired

maximum was reached. For example, at a charging voltage of 24 KV, the

optimal performance was found to occur for pressures of the order of
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3.7 atm in agreement with the maximum actually observed in the laser

output. Conversely, at a high pressure of 5.1 atm the developing

avalanche was found to be competing for stored charge with the "ringing

down" of the voltage in the switching circuit. A correspondingly lower

laser output was observed in that case.

The time dependent current was obtained by numerically integrating

the dl/dt curve obtained with the B probe. The absolute scale factor

was obtained by setting the second integral of dI/dt equal to the charge

stored in the series capacitance formed from the two capacitors at the

time of breakdown. The instantaneous power dissipation in the load was

then obtained by forming the product of the two curves of current and

voltage measured across the load, suitably corrected for stray inductive

effects [161.

A comparison of the time-dependence of the input power and the

laser output power showed that the smaller electrode spacing resulted in

a better power conversion efficiency, probably because of a more thorough

saturation of the optical transition. Results for the 1.3 cm spacing of

the electrodes are shown in Fig. 16 for the four values of gas pressure

indicated, each containing 0.15% N2. The charge voltage was 24 KV and

the repetition rate was 10 Hz. Dashed lines show the discharge currents

and the voltages which appeared across the resistive part of the load.

The powers dissipated in the load are shown by the dotted curves and the

solid curves record the laser output power measured in the (0 - 1)

vibrational component of the B - X electronic transition of N2 at 427.8

am.

The pressure-dependent delays seen in Fig. 16 between the input

powers applied to the plasma and the laser outputs are consistent with

the magnitudes of the reaction times for the charge transfer step as
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computed from the coefficients shown in Table 1. The scales tor the

power have been chosen as indicated, so that the close correlations

between input and output powers on the leading edges of the curves for

the high pressure plasmas correspond to an instantaneous conversion

efficiency of 2%. Integrals under the power curves shown in Fig. 16

give values for the energies of the laser pulses of 1.3, 2, 3, and 4 MJ,

respectively, for the pressures varying from 3 to 5.1 atm. These results

in comparison with the integrals under the input power curves yield

efficiencies of 1.3, 1.0, 1.0, and 0.8% respectively, for the conversions

of the energies dissipated in the loads for the cases shown in Fig. 16.

The field strength in the plasma corresponding to the maximum

observed transfer of power also can be determined from Fig. 16. At the

higher pressures where the delays in the kinetic chain were minimal, the

highest instantaneous power conversion efficiencies can be seen to have

occurred on the leading edges of the pulses where the values of E/p were

the greatest. For the times at which the 2% efficiency was sustained

the E/p can be computed from Fig. 16 to have been decreasing from 3.5 to

2 V cm Torr. The corresponding current density was increasing from
-2

zero to 160 A cm The best efficiency for the energy extracted was

found for pulses developed from avalanches initially driven by a peak

E/p of the order of 5 to 6 V cm- Torr - 1

It can be seen that the loss of efficiency for the conversion of

the pulse energy at the higher pressures resulted from the prolonged

flow of discharge current at relatively low E/p. In fact the current

pulse was generally observed to ring back and forth through the laser

tube until finally damped by resistive losses in the gas. For clarity

this subsequent behaviour of the discharge was not shown in Fig. 16.
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Although the corresponding value of E/p in the gas following termination

of the avalanche was too low to resolve in the figure, its much greater

duration provided for a greatly protracted "tail" of low amplitude on

the latter part of each of the power input curves. The integral of this

dissipation corresponded to the final loss of a significant part of the

energy initially stored on the discharge capacitors.

Preionized Avalanche Amplifiers

Attempts to study the scaling of the AEA laser described above were

rendered difficult, in part, by the limitations on the range of operating

parameters imposed by the dependence on the experimental variables of

the level of gain necessary to develop saturation intensity during the

relatively brief period of effective power transfer to the load. As

described in the discussion of the kinetics pumping the inversion in

this type of system, the optimization of the gain generally insured a

degradation of the kinetic efficiency. Computations showed that losses

of 30 to 50% of the potential efficiency of the kinetic chain could

result f- ,, optimization of the gain under typical conditions. In fact

a recent review of p-rformance data within the extant data base has

indicated that the actual outputs achieved from the nitrogen ion laser,

whether excited with an e-beam or with a preionized discharge, had been

generally dominated by the photon extraction parameters. However since

the saturation intensity of the laser transition was shown to be low

enough to be readily reached with a small discharge pumped oscillator

[18], it became clear that the more efficient mode of operation for

these charge transfer devices was not the self-excited oscillator configu-

ration generally employed, but rather an oscillator-amplifier combination
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from which the majority of the energy could be extracted at near-zero

gain.

The first operation of an optical amplifier for the 428 nm line of

N2 pumped by charge transfer from He2 was reported in 1978 f181 and

served to provide experimental values of the saturation intensity of the

transition. In that work two laser tubes were discharged in the transverse

series arrangement mentioned in the previous section. The second laser

plasma was used as an amplifier and was connected electrically to the

first as shown by the dotted portions of Fig. 15.

In operation the discharge circuitry associated with the first

laser tube performed in a manner unaffected by its connection to the

second tube. Operation of the second tube was consistent with the same

equivalent circuit describing the first except that the first tube

played the role of the switching element in place of the thyratron.

Because of the lower inductance of the first tube in comparison to the

thyratron the ringing time for the inversion of the middle capacitor was

shortened by about a factor of two, giving a relative delay of about 25

nsec between the two laser plasmas. Both tubes were synchronously

preionized and were switched by hydrogen thyratrons as described above.

When run as independent, self-excited oscillators the two tubes

gave essentially the same laser output at 427.8 mu provided operating

conditions were not excessively close to threshold. For example, at 3.7

atm of helium containing 0.15% nitrogen and at a charge voltage of 22 KV

the first tube produced output pulses with peak power of 225 KW while

the second tube gave 270 KW. This was somewhat below the 420 KW produced

by a single tube connected between two of the capacitors. Considering

the relatively wide range of operating parameters over which an instantaneous
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power conversion efficiency of 2% was achieved in such a single tube, it

is more likely that the lowered outputs from each of the two tubes in

series resulted from less input electrical power being successfully

coupled into the plasmas rather than from a loss of instantansous con-

version efficiency within the plasmas. Unfortunately, because of

grounding problems the instantaneous electrical characteristics could

not be directly measured as had been done when a single tube was used.

When the mirrors were removed from the second tube under the same

operating conditions the output dropped over two orders of magnitude

indicating that uncontrolled superfluorescence had been of negligible

importance. Then about 10% of the output from the first tube, running

as a self-excited oscillator, was suitably delayed and threaded back

through the second tube. Under those conditions the output from the

second tube was measured to be 560 KW and the beam divergence was reduced

by a factor of better than two below that which had been obtained from

the same tube running as a self-excited oscillator. The insertion of

calibrated neutral density filters into the beam from the oscillator

input to the amplifier permitted the quantitative measurement of the

amplification factor of the second laser plasma over a dynamic range of

five orders of magnitude. Typical data are shown in Fig. 17 for one of

the different operating conditions for which the discharges could be

synchronized with the same optical delay line. The data shown correspond

to an operating pressure of 3.7 atm and to a charge voltage of 22 KV.

The growth of an optical pulse in an amplifying medium has been shown

theoretically [341 and confirmed experimentally in the helium nitrogen

system 118] to be described by the expression,

Iout Isln[1 + Iin/s -1) £yL, (9)
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where y is the gain, L is the length of the plasma, and I. and I arein s

the input and saturation intensities, respectively. In the limit of an

input intensity from an external oscillator which is large compared to

the saturation intensity, the expression takes a particularly simple

form

Iou t = I + yLI (10)
ot in s

This is the ideal limiting case of the extraction of power at zero gain
and corresponds to the removal of an optical power of yIs from the

plasma per unit length. The intensity, Is, is an intrinsic parameter

depending little upon experimental conditions and y is an extrinsic

variable directly related to the strength of the pumping. While the

simple expression for kinetic branching I/(I + Is) predicts 50% extrac-

tion when I.n = I s, the growth of the intensity increases this amount.

The solid curve in Fig. 17 plots the output powers computed from

Eq. (9) where the two parameters have been adjusted to obtain the agreement

shown. The value of saturation intensity, Is, used was 58 KW cm 2 . The

sensitivity of the model to this adjustable parameter was greatest at

the higher input powers where Eq. (9) reduces approximately to the

asymptotic form, Eq. (10), the expression for the extraction of power

from the inversion under the fully saturated conditions of zero-gain.

Thus, at the limits of high input power the uncertainty in the product

I syL was linearly dependent upon the uncertainty in the measurement of

the output intensity. As seen in Fig. 17, this was about ±15%. The

sensitivity of the model to the gain, yL, was greatest under small

signal conditions as shown in the figure where the effect of varying the

gain by ±10% is illustrated. Even the poorly resolved data obtained

from the amplification of 10 mW input pulses were sufficient to determine
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the overall gain parameter, yL, to within 10%. The particular value

corresponding to the solid curve approximating the data was 14.5.

It is interesting to notice that in these particular cases the

overall gain which depends upon the inversion density, was reported [181

to have scaled in a manner directly proportional to the pressure. The

saturation intensities, while not resolved significantly, appeared to

have scaled more slowly with pressure and a dependence on 4P was suggested.

As discussed above, since Is is essentially an intrinsic parameter only

a very slow variation with operating conditions would be expected through

changes in the bandwidth of the gain. The two values of I reported
5

previously [181 corresponded to linewidths centered around 4.9 cm-1 , a

reasonable value for pressure broadening at 3 to 4 atmospheres.

Under the highest gain conditions reported, those of Fig. 17, a

6small signal gain along the 85 cm path of 1.5 x 10 was observed with

little uncontrolled superfluorescence and the corresponding zero-signal

6gain was exp(14.5) ,, 2 x 10 . Under the same operating conditions a
-2

gain of about 18 was found at output intensities of 1 MW cm , conditions

relatively near the ideal extraction of power at zero gain. At input

intensity levels of the order of Is, 50 to 60 KW cm- 2, the power extracted

from the amplifier was over twice that obtained from the same plasma

coupled to the fields in a self-excited oscillator.

More recently it was desired to confirm those measurements of

saturation intensities and gains in several different amplifier geometries,

but without the direct electrical connection between the oscillator and

the amplifier. Two completely independent devices were constructed and

synchronized to discharge with a reasonably constant phase delay. The

smaller of the two was coupled to the fields in the geometry of an
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oscillator and its output was threaded through the 137 cm length of the

larger device after undergoing a suitable optical delay. The cross

sectional area of the plasma in the amplifier was 1.4 cm2 in contrast to

the 0.6 cm2 used to obtain the data reported previously [181.

When operated at a charge voltage of only 22 KV, discharges into

4.3 atmospheres of helium containing 0.15% N2 resulted in the extraction

of 2.8 MW in a 14 mJ pulse with an input from the oscillator of only 16

KW. However for consistency with previous work, the measurements of the

gain and saturation were performed at 3.7 atm pressure. A charge voltage

of 20 KV provided a reasonable level of excitation.

Calibrated neutral density filters were again used to attenuate the

oscillator power input to the amplifier permitting the quantitative

measurement of the amplification factor of the second laser plasma over

a dynamic range of six orders of magnitude. The resulting data are

shown in Fig. 18 for the two different operating geometries, each being

identified by the cross sectional area of the amplifying plasma. The

corresponding lengths to the 0.6 and 1.4 cm2 cross sections were 85 cm

and 137 cm, respectively and the charge voltages were 22 and 20 KV,

respectively. Common parameters were maintained in the operating media

which were 3.7 atm of helium containing 0.15% N2.

Also shown in Fig. 18 are solid curves plotting the output powers

computed from the same model summarized by Eq. (9). The adjustment of

the two parameters needed to obtain the agreement shown in Fig. 18

between the model given in Eq. (9) and the experimental data was made
-2

while maintaining the value reported previously for I of 58 KW cm

The sensitivity of the model to yL is greatest under small signal condi-

tions and even the poorly resolved data obtained from the amplification
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of 10 mW input pulses were again sufficient to determine this overall

gain parameter to within 10%. The values used to obtain the solid

curves approximating the data from the larger and smaller devices were

16.2 and 14.5, respectively.

Since y is simply proportional to the inversion density reached, it

is significant that products of yL and cross sectional area from the two

systems corresponded to within 10% to the inverse ratio of the source

impedances driving them. This is quite consistent with the approximation

that the useful power density delivered to the discharge load at constant

charge voltage and discharge pressure is simply proportional to the peak

current density which in turn is correlated with the inverse source

impedance. Thus it appears that not only do the values of saturation

intensity agree, but that the differences measured in the logarithmic

gains are entirely consistent with the changes in discharge geometry

made in the amplifiers.

The extent to which a unit extraction efficiency was achieved in

the larger system is shown in Fig. 19. Plotted there are calculations

of the derivative of Eq. (9) evaluated for the different conditions

indicated using the values of yL and I determined experimentally. Ass

mentioned in the previous section, a unit extraction efficiency, and

hence, unity in Fig. 19, corresponds to the removal of an intensity of

YIs per unit length from the amplifying medium. It can be seen that an

input from the oscillator of 15.6 KW served to saturate the power extrac-

tion from the final 87 cm of the amplifier. The overall loss of efficiency

resulting from the failure to saturate the first 50 cm of the length of

the amplifier can be readily seen from the areas under the curves shown

in Fig. 19 which give the actual powers that appeared in the output
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beams in units of yI LA, where A is the cross sectional area. Then the
5

maximum intensity which might have been extracted under ideal conditions

corresponds to the rectangular area of unit height and having the width

of L = 137 cm. It can be seen that the area under the curve resulting

from 15.6 KW input represents most of the area of the ideal rectangle

and computation shows that the extraction efficiency under those condi-

tions was 90%. It is interesting to compare that value with the extraction

efficiencies computed for the other two cases shown in Fig. 19. The

relatively small extraction achieved by superfluorescence amounted to

only 5% of the ideal value and the effect of a rear mirror added to form

a self-excited oscillator raised this only to 18%. In fact, because of

the finite duration of the avalanche the effect of the mirror was only

to make the plasma appear to be a longer superfluorescent device. For

that case the virtual source of the superfluorescence is indicated on

the abscissa of Fig. 19 by the triangle and the direction of propagation

and growth was first toward mirror located at zero and then back to L

centimeters.

It can be clearly seen that the power input from the 15.6 KW oscillator

is much more effective at these levels of pumping than superfluorescence

or mirrors in extracting most of the energy stored in the inversion.

Evidently, it was this problem with extraction efficiency rather than

kinetics that led to the requirement for a high level of pumping in

order to achieve the efficient operation shown in Fig. 16. At those

levels of pumping y apparently became great enough that the onset of

efficient extraction occurred earlier during the transit of a photon

through the plasma and a reasonable fraction of the stored energy was

extracted with the use of a single rear mirror.
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The difference in the parameterization of the output from an amplifier

from that of an oscillator can be seen in Fig. 20. The data shown were

obtained from a system driven with stripline capacitors of lower impedance

so that the efficiency for the extraction of energy with a rear mirror

was considerably greater than the 18% found in the previous case.

Nevertheless, the improvement in the extraction achieved from the plasma

used as an amplifier was of the order of 3. The parameterization of the

output upon voltage and pressure appears more consistent with a simple

dependence upon stored energy, thus illustrating the previous concerns

that the device performance was almost completely dominated by extraction

considerations when run as a self-excited oscillator.

The importance of the results inferred from this work with optical

amplifiers lies in the decoupling of the effects of variations in the

kinetics pumping the inversion from those caused by changes in the

efficiency of extracting the photons. Since the two requirements are

not optimized by the same adjustments of experimental parameters it may

not be possible to extract the energy efficiently in a single, self-

excited oscillator configuration when operating under conditions optimizing

the power flow in the kinetics. This work has shown that N plasmas

pumped by charge transfer from He can be more effectively used as

optical amplifiers at 427.8 nm at intensities nearing full saturation of

the transition over most of the volume of the devices. Under the highest

gain conditions examined a small signal gain along the 137 cm path of

107 was observed with little uncontrolled superfluorescence. Under the

same operating conditions a gain of about 75 was found at output intensities

of 0.85 MW cm 2 , conditions again relatively near the ideal extraction

of power at zero gain. At input intensity levels of 15 KW the power I.
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extracted from the amplifier was five times that obtained from the same

plasma coupled to the fields in a self-excited oscillator.

Evidently the relatively narrow bandwidth realized from this laser

transition between bound electronics states of N2 compensates the high

rate of collisional quenching of the upper laser level and thus brings

the saturation intensity down to values which can be reasonably attained

in master oscillators. Since the quenching channel can be bypassed if

laser intensities in the plasma signficantly exceed the relatively

modest saturation intensity, the strong collisional quenching becomes an

advantage because it suppresses uncontrolled superfluorescence. Thus,

it appears that as an optical amplifier, the helium nitrogen laser holds

the potential for efficient, high power operation at several visible

wavelengths.

RESONANT AND TRAVELING WAVE DISCHARGES

As mentioned above, the principal difficulty with the discharge

excitation of the nitrogen ion laser is that the duration of the intial

half-period of the oscillation of the discharge current through the

plasma load considerably exceeds the duration of the laser output pulse.

It would appear that if the ringing period of discharg circuit could be

matched to the composite duration of the development of the avalance

plus the reaction times in the kinetic sequence charted in Fig. 1, an

overall efficiency with respect to the energy stored on the discharge

capacitor to the right of the laser tube in Fig. 15 comparable to the

power transfer efficiency of 2% could be approached.

Since the switching capacitor to the left of the tube does not

invert to any significant degree before the avalanche develops (351, the
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energy stored on it is unavailable to the load on the time scale of the

avalanche. Thus, in a device containing a single load the total efficiency

can only reach half the overall efficiency computed with respect to the

stored energy available to the discharge. In a system employing several

loads connected in series, the overall efficiency should approach the

efficiency with respect to stored energy, since the energy of the switching

capacitor is needed only once to develop the proper initial conditions

for the first avalanche.

An examination of components of the extant data base corresponding

to the extraction of optical power from fully saturated amplifiers

showed there to be only one free experimental parameter of importance in

determining the overall efficiency of the device, the ringing frequency

of the current loop containing the discharge. The measurements shown in

Fig. 21 are typical of data from which'such a conclusion can : drawn.

Output energies obtained with reasonable saturation of the amplifier are

shown as functions of the electrical energy initially stored on the

capacitor driving the discharges. The ratio of ordinate to abscissa

gives the overall efficiency with respect to storage and is correlated

with the thickness of the stripline comprising the capacitor but is not

determined entirely by it. Changes of that parameter created groups of

data of nearly constant efficiency scaled by the stored energy. However,

as seen in Fig. 21, the same stripline thickness could lead to different

efficiencies when its length was varied as was done to obtain the two

families of data plotted by the square symbols.

It can be readily appreciated that the energy stored on portions of

the stripline excessively far from the laser tube in terms of transit

time can contribute nothing to the optical output. If the avalanche has
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reached the short circuited condition by the time charge from the distant

parts of the line pass through the plasma no power dissipated in the

load by those elements of charge can lead to the production of ionization

and hence to the kinetic source terms ultimately pumping the inversion.

Thus, the data of Fig. 21 appear to support the concept discussed above

of attempting to correlate the overall efficiency with the degree to

which one half of the ringing period of the current discharged through

the load matches the natural duration of the avalanche plus the time

constants of the reaction steps necessary to pump the stimulated transition.

Ideally, a resonant discharge system in which the discharge time matched

the ringing half-period of the current should show an overall operating

efficiency comparable to the instantaneous power transfer efficiency.

Recent attempts to confirm the concept of a resonant discharge for

the excitation of the nitrogen ion laser have succeeded in showing the

strong correlation expected between the overall efficiency of the device

and the ringing half-period of the discharge circuit. For a discharge

system for the excitation of a single plasma load as shown in Fig. 15,

the ringing period was determined by the series resonance composed of

the capacitances of the striplines in series with the sum of the induc-

tances of the lines and the laser tube. At the time of the avalanche the

current loop through the thyratron contained too much inductance to add

a parallel resonance of importance.

Performance data were taken on saturated amplifiers operating with

a variety of electrode lengths and separations and driven by several

striplines of differing impedances and lengths. The resulting overall

efficiencies with respect to the stored energies are shown in Fig. 22 as

functions of the ratios of the optical pulse widths from the amplifier
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to the ringing half-periods of the discharge circuits. The type of

symbol plotted denotes the stripline thickness, while the distinction

between filled and unfilled symbols identifies the electrode spacing as

being either 0.76 or 1.3 cm, respectively. Data showing slightly different

efficiencies for the same abscissa and the same device parameters were

obtained by varying the discharge voltages and pressures.

A further variant was obtained by configuring a traveling wave

discharge in which the active medium consisted of an assembly of short

segments arranged end to end and individually excited by preionized

transverse discharges. Each segment was electrically pha-ed so that its

discharge would start at a time which would become successively later

for segments farther down the sequence. Then, when the relative electrical

phases were properly adjusted to match the speed of light propagating

down the length of the assembly, the leading edge of the output wave

traveling through it could be arranged to be always passing through

successive plasma segments at the moment of electrical breakdown.

Finally, since the length of an individual segment was too short to

allow for the growth of the intensity of a counterpropagating wave to

reach appreciable proportions after traversing a single section, any

possibility that counterpropagating output could start from spontaneous

emission was minimized.

Excitation of the conventional N2 laser in a traveling wave geometry

has been previously arranged [361 [37] through the use of commutation

switches characterized by very fast rise times. In the usual configuration

either individual single-shot switches [361 or shaped transmission lines

driven by spark gaps [371 have been used to initiate breakd(,dn waves

that had rise times which were short in comparison to the longitudinal
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transit times of the media. However, this seemed to preclude the operation

of these devices at any significant repetition rate. Nevertheless,

directionalities as great as 10 to 1 were achieved.

Recently an improvement of these devices has been described 1171,

1381 in which commutation is effected by a conventional hydrogen thyratron

connected to a stripline in a grounded-grid configuration. When used

with the helium nitrogen mixture normally employed, the relatively rapid

development of the avalanche breakdown in each individual segment tended

to sharpen the rise time of the switching wavefront as perceived down

the longitudinal axis and provided better definition of the relative

phase of each segment than would have been obtained from the slower rise

time characteristic of the thyratron alone. It was found by experimenta-

tion that an electrode length of 17 cm proved to be short enough to

suppress bidirectional output from a single segment, while being long

enough to correspond to a nearly discernable change of phase. In actual

practice the phase was constant over an individual segment and successive

segments were set to phases differing by time of 17/c.

Both a nominal 1.5-m device containing 7 discharge segments and a

5-m device containing 21 segments were constructed in the course of this

work. Although some variations of phasing were observed in both devices

when operating pressures and voltages were changed, the degree of this

variability was acceptable over the working pressure range of 2-4 atm of

helium containing 0.15% N These variations were detected in the

growth of the duration of the output pulses, as the propagating fields

tended to "outrun" the breakdown wave, or in the inverse effect. The

latter type of dephasing tended to be the most serious, as the plasma

was found to become absorptive at the laser wavelength during the later
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afterglow period in agreement with previous measurements. To avoid this

possibility for the reabsorption of a "slow" output pulse, the phasing

of the discharge segments was adjusted so that in normal operation the

leading edge of the output gradually outran the breakdown wave. If not

done excessively, the trailing edge of the output contained enough

intensity to saturate the transition in the farther segments and in this

way the output pulse was gradually stretched by an amount proportional

to the number of segments traversed. This technique led to output

pulses from the 1.5-m device which were 6 nsec in duration between

half-power points, and which were 7-8 nsec for the 5-m system. However,

as a test of the extent to which the duration of the output pulse could

be controlled in this manner, the 5-m laser was phased to give 15-nsec

pulses with no loss of integrated pulse energy by adjusting only the

spacings of the electrodes in successive segments.

The directionality achieved with this arrangement was extreme. No

optics of any kind were present in the system and the output windows

were antireflection coated to avoid any spurious directionality which

might have been introduced by possibly fortuito.s reflections. Neverthe-

less front-to-back ratios of intensities at megawatt levels of output

power exceeded 1000:1. In terms of pulse energies the directionalities

were greater than 10,000:1, because the pulses in the reverse direction

were of the order of I nsec or less in duration in comparison to the

forwardly propagating outputs of 7-8 nsec duration.

Not reported in previous descriptions of this work 1171 were the

ringing periods. Both the 1.5 m and the 5 m traveling wave amplifiers

were composite assemblies of individual discharge segments each having

ringing periods of 20 nsec. The overall efficiencies with respect to
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the energy of the storage capacitors for both traveling wave configura-

tion are represented by the T symbol plotted in Fig. 22. Variations

between the two were smaller than the extent of the symbol.

It appears that the data of Fig. 22 group closely around a line

that would extrapolate to an efficiency between 0.7 and 1.0% at the unit

value of abscissa characteristic of a resonant discharge. The scale of

the output for such a resonant device would be determined by the total

stored energy and the principal technological difficulty to be encountered

in realizing such a system would be the problem of storing enough electrical

energy in sufficient proximity to the laser tube to permit a ringing

period of the discharge to be as little as 10 nsec. As mentioned in the

introductory material, it appears that the full realization of the

potentials of this system will be achieved with the next generation of

devices characterized by discharge times faster than those typically

achieved in current lasers.

CONCLUSIONS

The greatest power output achieved to date has been 5 MW in a 6

nsec pulse that was achieved with the traveling wave system. The co-

ordinates of that operation in terms of ringing frequency and efficiency

are plotted by the symbol, T, in Fig. 22 and show that both scale and

efficiency can be simultaneously optimized, somethiiu 'early attained

in other types of high power lasers, such as the inert-gas excimer

lasers, operating at short wavelengths.

A comparison of the results of this work to those from studies of

KrF excimer lasers begins to show the peculiar advantages of the charge

transfer scheme enumerated in the introductory material. Those features
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insure that whereas gain and efficiency cannot be simultaneously maximized,

scale and efficiency can. The consequence has been that with e-beam

excitation the nitrogen ion laser has achieved a higher specific power

output, optical power per unit volume of laser medium, than has been

reported from KrF. When normalized to the number of photons extracted

per unit volume the differences approach an order of magnitude. Under

those conditions the relatively constant efficiency of the nitrogen ion

laser is exceeded by the efficiency of the KrF by about a factor of 3

391.

With discharge excitation the comparison is even more extreme. At

large scale the specific output power from KrF is about 5 MW £ with an

energy efficiency relative to deposition of 3% (391. The nitrogen ion

laser has achieved 44 MW £- at a comparable efficiency of 1%. At the

other extreme in an avalanche discharge a high specific intensity of 220

MW 2-1 has been reported from KrF but at an overall efficiency of only

0.06% [401. The comparable efficiency from the nitrogen ion laser at 44

MW-1 is shown from Fig. 22 to be around 0.4% relative to stored energy.

Table 2 summarized these comparisons. The larger outputs are reported

for KrF lasers directly excited by e-beams can clearly be seen to result

from a combination of higher energy per photon and longer excitation

pulses available on e-beam machines used in the KrF studies. Both

lasers operate as 4-level systems and hence, emit until the end of the

excitation pulse.

In terms of spectral density the outputs from the nitrogen ion

laser greatly exceed those from free-running excimer lasers because of

the relatively narrow linewidths resulting from the bound-bound transi-

tion in N2
+. As mentioned previously, the laser linewidth at 471 nm is
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.007 nm without any supplimentary etalons in the laser cavity and without

injection locking of the frequency to a narrow bandwidth.

The combination of visible wavelengths, simultaneously high output

power densities and efficiencies, narrow linewidth, and relative freedom

from run-away superfluorescence appears to give to the nitrogen ion

laser considerable promise as a practical device. Both theory and the

experimental results reported here indicate that the performance of the

nitrogen ion laser can approach that of the KrF excimer laser to within

a factor of 2 or 3. It appears that all of the advantages of this type

of device expected theoretically have been confirmed experimentally and

the construction and operation of a device of arbitrary scale for operation

of either 428 or 471 nm can now be modelled by the results of this work.

ION
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Table 1

Dominant Reaction Channels
in Helium Nitrogen Plasmas Supporting
Stimulated Emission from 4he B - X

Transition of N2

1Reaction batecoefficients are shown n parentheses in units of 
10-10 ca3

saec and 10 c sec- for those component bimolecular and termolecular reac-
tions, respectively, which dominate the evolution of the reactive species of
importance. Branching information is shown as a multiplicative factor preceed-
ing the rate coefficient.

Pumping Channels Competing Losses

Ionization

He++2H - He ++He (.065)a He++N2 . Products (12)b

He ++N2+He * Products (22)c

Charge Transfer
He2+ +N2  N2+(B)+2He .75(11)d  He2++N2 * Other Products .25(11)d

He2 +N2+He + (B)+3He .75(16)d  He2 ++N2+He . Other Products .25(16)d

He2++e+X Recombination ( )e

Stimulated Emission
+ + f + c

N (B)+hv - N2 (X,v-l)+2h v ( ) N2 (B)+e + Neutrals (600)

N2+(B)+N24- N4
+  (4 )g

Lower State Quenching

N2+(X,v-l)+e . N2  (v-I) (10,000) h

N2  (v-1) - N2+(X,v-0)+e

N2 (X,-.-1)+N 2 * N2 (v.l)+N2+(X,v.O) (

a. Ref. [231.
b. Ref. [201.
c. Ref. 10.
d. Rate Coefficients from Ref. [19] branching ratios from Ref. 10.
e. This depends strongly on electron temperature and is difficult to estimate

meaningfully. -0 6 o2
f. a(428 nm) - 14 P ; A 2

o(471 nm) - 3.9 P-O.6 Ao

where P is the pressure In atmospheres, Ref. 10.
g. Apparently this Is 3-body process which effectively occurs as a bimolecular

reaction because of saturation, Ref. 10.
h. Estimated, Ref. 12 and Ref. 10.
i. Private communication, F.C. Fehsenfeld, NOAA. A value comparable to

Langevin, 8 x 10-10, is expected.
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CAPTIONS

Figure 1: Flow chart of the kinetic processes relevant to the nitrogen

ion laser. Heavy arrows denote the dominant kinetic channels.

The distinction between solid and dashed lines reflects the

difference between reaction paths contributing to the pumping

sequence and those competing with it, respectively.

Figure 2: Plot of the kinetic efficiencies for the population of the
+

upper laser level and of the small signal gain of the N2 B -) X2

laser transition at 427.8 nm as functions of the input energy

deposition.

Figure 3: Time-resolved power measurements of the nitrogen ion laser

outputs for three different mirror sets individually optimizing

the (0,0), (0,1), and (0,2) transitions at 391.4, 427.8, and

470.9 nm, respectively. Corresponding total pressures are,

from top to bottom, 10.8, 14.9, and 16.3 atm. The time scale

is as indicated and has been shifted so that the zero corresponds

to the beginning of the e-beam current output.

3
Figure 4: Summary plot of total pulse energy emitted from a 16 cm

volume as a function of relative deposition of energy from the

electron beam. Variation of the deposition is obtained by

changing the total gas pressure; hence the stopping power.

The peak e-beam current is 13 KA in each case. Lines of

constant efficiency appear as diagonals. The partial pressure



of nitrogen in Torr used in each series is shown and the

difference between open and filled symbols is made by a difference

in mirror characteristics.

Figure 5: Summary of various time-dependent functions representing the

development of the laser output intensity. To the right of

each example are shown the characteristic experimental parameters

in the order: nitrogen partial pressure in Torr, cavity type

(P, plane; H, hemispheric), mirror loss per round trip, and on

the subsequent line the corresponding average laser volume

calculated by the unfolding program.

Figure 6: Plots of laser pulse energy as a function of total gas pressure

for the data of the first two mirror geometries shown in

Fig. 5. Energy extracted from the plasma is assumed to be

emitted energy plus energy walking-off the mirrors. Cavity

nomenclature is P.(T) where T is the mirror transparency per

round trip.

0 Emitted energy, P.08 cavity

A Emitted energy, P.16 cavity

X Extracted energy, P.08 cavity

+- Extracted energy, P.16 cavity

Figure 7: Summary plot of laser pulse energy at 391.4 nm as a function

of pressure. Data in the upper portion of the graph show the

gross energy extracted from the plasmas by the circulating

power in the cavity, normalized to a volume of 16.2 cm3 and a



beam discharge of 275 p coul. Much of the energy is reabsorbed

with only the net energy plotted in the lower half of the

graph being detected in the output beam of the laser. In each

case the shape of the data point gives the nominal beam current

and for the net energy data the partial pressure of nitrogen

is given by the shading of the symbol.

Figure 8: Summary plot of total laser pulse energy emitted from a 16 cm
3

volume as a function of total gas pressure. The integrated

e-beam current corresponds to 275 p coul.for each case. Data

points represent outputs at 428 nm for the four higher N2

pressures and at 391 nm otherwise. Different partial pressures

of N2 are indicated by the shape of the data point.

Figure 9: Plot of the output intensities at 470.9 nm from the regenerative

amplifier excited by the oscillator pulses seen on the leading

edges of the waveforms. Intensities are plotted as functions

of time following the onset of the e-beam current. Dotted

lines bound variation in the times at which the e-beam current

-l
had fallen to e of the peak value. Data from two separate

discharges with different delays in the arrival of the oscillator

pulses are shown with the zeros of intensity offset for clarity.

Figure 10: Peak intensities of the 470.9 nm output from the regenerative

amplifier plotted as a function of the delay following the

onset of the e-beam current, in the time of arrival at the

amplifier of the pulses from the oscillator.

- --. -



Figure 11: Thermal scaling of the helium-nitrogen charge transfer

laser. Plotted parametrically as a function of gas tempera-

ture are time resolved power measurements of the violet line

at 427.8 nm. Data are shown for the discharge of 190 p coul.

into 21 atm pressure of helium containing 60 Torr of nitrogen.

The time scale has been normalized so that the zero corresponds

to the beginning of the e-beam current output.

Figure 12: Plot of the time-resolved laser power emitted at 427.8 nm

from an electron beam discharge into 7.7 atm pressure of

helium containing 15 Torr of N2 at the gas temperatures shown.

The dashed curves show the time dependence of a constant

fraction of the corresponding input power deposited in the

laser cavity.

(a) Upper curves: Data for nominal 15 KA e-beam current.

(b) Lower curves: Data for nominal 20 KA e-beam current.

Figure 13: Plot of the time-resolved laser power emitted at 427.8 nm

from an electron beam discharge into II atm pressure of helium

containing 30 Torr of N2 at the gas temperatures shown. The

dashed curves show the time dependence of a constant fraction

of the corresponding input power deposited in the laser cavity

for a nominal e-beam current of 20 KA.

Figure 14: Plot of data showing quasi-cw operation of the helium-nitrogen

laser. The soli curve shows output power at 427.8 nm emitted

from an electron beam discharge into 35 atmospheres pressure



of helium containing 120 Torr of nitrogen. The dashed curve

shows 3% of the corresponding power deposited in the laser

cavity.

Figure 15: Schematic diagram of the circuit of the Atmospheric Electrical

Avalanche (AEA) Laser used in studies of the instantaneous

power transfer efficiency.

Figure 16: Graphs comparing the electrical and optical performance of

the laser tube obtained for a 1.3 cm electrode spacing and for

the indicated pressures of helium containing 0.15% N2. Dasiicd

curves plot the voltage and current applied to the laser tube

as marked and scaled to the leftmost ordinate. The dotted

curve records the instantaneous power dissipation in the laser

tube and is scaled to the middle ordinate. The solid curve

plots the output power of the laser measured at 427.8 rnm and

is scaled to the rightmost ordinate.

Figure 17: Graph of the data obtained at a pressure of 3.7 atm for peak

power outputs from the optical amplifier for various values of

input pulse amplitudes obtained from the synchronized master

oscillator. The solid curve plots values computed from Eq. (9)
-2

using a saturation intensity of 58 KW cm and an overall

logarithmic gain of 14.5. Dashed curves show the sensitivity

of the model to the changes of overall logarithmic gain indicated

on the graph.



Figure 18: Graph of the data showing peak powers output from the optical

amplifier at 427.8 nm for various values of input pulse amplitudes

obtained from the synchronized master oscillator. Solid

curves plot output powers computed from the simple model of

Eq. (9) containing the two parameters, the saturation intensity

of 58 KW cm 2 and the overall logarithmic gain which was

adjusted to fit the data. The particular values used to

obtain the displayed curves were 16.2 and 14.5 for the ampli-

fiers with the 1.4 and 0.6 cm2 apertures, respectively.

Figure 19: Plot of the derivatives of the power extracted from the 1.4

cm2 amplifier plotted as functions of the length of the optical

path travelled by a photon from the oscillator as calculated

from Eq. (9) using the extraction parameters determined from

Fig. 18. Units are TI so that unity implies full saturations

of the transition at the corresponding point in the plasma.

The three different means of coupling the plasma to the fields

are identified by the label adjacent to the corresponding

curve. In the case of the single rear mirror the position of

the virtual photon source is indicated by the filled triangle

on the abscissa and propagation is assumed to proceed from the

source to the mirror located at the origin and then reflect

back to give the values of extraction plotted by the corre-

sponding curve.

Figure 20: Graph showing the parameterization of the charge transfer AEA

device operating with 1.3 cm electrode spacing. Peak output



power is shown as a function of helium pressure and parametri-

cally as functions of the charge voltages shown. The geometries

for the coupling of the radiation fields to the inversion are

identified by the designation of the output device as an

oscillator or an amplifier as indicated.

Figure 21: Graph of data showing the correlation between the energies of

output pulses at 428 nm from reasonably saturated amplifiers

and the electrical energy initially stored on the capacitor

driving the avalanche. The type of symbol indicates the

thickness of the stripline comprising the capacitor as follows:

A - 0.38 mm, U - 0.66 mm, o - 1.22 mm.

Figure 22: Graph of the overall output efficiency with respect to stored

electrical energy measured as functions of the ratio of the

output pulse durations from saturated amplifiers to the half

periods for the ringing of the discharge circuit. The type of

symbol denotes the stripline thickness as follows: A - 0.38

mm, 0 - 0.66 mm, 0 - 1.22 mm. Filled and unfilled symbols

identify data obtained with electrode spacings of 0.76 and 1.3

cm, respectively. The T - symbol locates the coordinates of

the maximum output obtained with the available devices.
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Charge transfer pumping of the helium-nitrogen laser at
atmospheric pressures in an electrical avalanche dischargea)

C. B. Collins, J. M. Carroll, and K. N. Taylor
Center for Quantum Electronics. The University of Texas at Dallas. Box 688, Richardson. Texas 75080
(Received 14 November 1977; accepted for publication 25 April 1978)

An atmospheric electrical avalanche (AEA) laser, stabilized by displacement current pretonization, has
been developed to support the study of the collisional pumping of the N2,'. B-X, electronic transition by
the kinetic step He,* + N. i He-zN(B 'I.)+He. With proper pretonization, the AEA laser has been
operated at a pulse repetition frequency (PRF) of 1-30 Hz in an avalanche mode at 100- 200 A/cm and
an E/p of 5 V/cmTorr. At pressures from I to 8 atm. an essentially uniform 30-cm' %olume containing a
high concentration of He; has been produced. Resulting laser output pumped by the charge transfer
reaction has exceeded I MW peak power at 427.8 nm in a 4-nsec pulse. Efficiency with respect to the
instantaneous power conversion has exceeded 2%, and output pulse energies have exceeded 1% of the
input pulse of energy dissipated in the laser tube.

PACS numbers: 42 55.Hq. 34.70 +e, 82.30. Fi

I. INTRODUCTION ing the inversion, operation at high power density should be
In principle, charge transfer offers a considerable ad- possible with no loss of efficiency.

vantage over other laser-pumping mechanisms because of (3) Because the laser transition occurs between bound
the large cross sections'' characteristic of such processes. electronic states of a molecular ion, the bandwidth of the
These values lead to reaction rates which are at least an order gain is small, and, hence, the maximum gain is large. As a
of magnitude larger than those of other excitation transfer consequence, saturation should be reached at smaller inver-
sequences involving neutral atomic and molecular species. sion densities than in excimer transitions.
As a consequence, the laser-pumping reactions can be read- The prototype of such charge transfer systems is the
ily arranged to be the dominant processes for loss of the helium-nitrogen laser demonstrated by Collins et al.' When
ionization created in a plasma. This can be done with rela- excited in a plasma produced by the discharge of an intense
tively small concentrations of the gas to be excited which, in electron beam,' it exhibited all of these advantages specific to
turn, means that chemical quenching of the upper laser level this laser type. With e-beam currents of the order of I
should be virtually negligible in comparison to stimulated kA/cm' quasi-cw operation of the laser was achieved' at
emission, as seems to be the case in the helium-nitrogen la- 427.8 nm and output power was found to accurately follow
ser.' For example, as will be shown in this work, only 6 Torr input power after the onset of threshold. A time-indepen-
of N, represents the optimum concentration in 5 atm of heli- dent power efficiency of 3% was found and tended to con-
um when excited in a preionized discharge. firm the operation of the laser as a four-level system.' As a

Recently, new kinetic mechanisms have been described result, no evidence of bottlenecking was found over a range

which further enhance the promise of the charge transfer of circulating intracavity intensities up to 30 MW/cm'. Peak

laser. Multibody charge transfer reactions have been report- power densities as great as 320 MW/I showed no evidence of
ed' which raise substantially the rates at which the principal disturbing the kinetic sequence pumping the lasered' hichtransition. 9

pumping reactions can proceed. Additionally, it has been

recognized' that the kinetic sequence involving an ion-elec- Early reportsi "" of the discharge excitation of the laser
tron capture followed by autoionizationt offers a mechanism transition at lower current densities presented an output effi-
which is unique to molecular ions for the quenching of vibra- ciency of only 0.05% of the total stored energy, and no in-
tional excitation. Thus, if the lower laser level is arranged to stantaneous efficiencies were reported. Whether the lower
be a vibrationally excited state of a molecular ion, the cap- overall values resulted from a decoupling of the plasma load
ture-autoionization process offers a rapid kinetic channel for from the driving circuit or whether it resulted from some
its depopulation. These particular features of the elementary failure of the kinetic mechanisms in the discharge environ-
kinetic steps contribute to the following important advan- ment was not determined. Other differences were found in
tages of the charge transfer scheme of laser pumping: the timing of the development of the laser pulse. While the

( I ) Since the sequence can operate as a four-level sys- results for e-beam excitation'." had indicated a delay of
tm inc thouldbe seady a p ete a aty fur-lvei s 5-10 nsec between the onset of the excitation current and the

tees, it should be readily adapted to a variety of excitation initiation ofthe laser output, a more immediate development
devices as the output should continue as long as the popula- oftelsruptwaobrvdrmthedicrgpa-
tion of the energy storage level is replaced. of the laser output was observed from these discharge plas-

mas having greater gain path lengths. Less than a l-nsec
(2 ) Since the operating wavelength is generally longer delay was observed with an output pulse rise time of the

than the photoionization and photodissociation thresholds order of 2 nsec. Using the accepted values of the binary rate
for all of the important species in the kinetic sequence pump- coefficients, the lifetime against charge transfer from helium

to nitrogen should have been in excess of 10 nsec at 3 atm
pressures of the gas compositions generally used. This ap-

•Reaearch supported by ONR Contract No. N00014-77-C-016g parent inability of charge transfer to pump the laser transi-
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TABLE I. Reaction limes for charge transfer from He,* as computed from ciencies of 2% were found, with peak powers in excess of I
traditional low-pressure rate coefficients in comparison with values com- MW. Thus, both in timing and efficiency the performance of
puted from recently obtained coefficients describing multibody proceses. the discharge pumped laser was found to be consistent with
Gas composition is assumed to be 0. 15% N,. the results of the e-beam excitation and, hence, to be consis-

Reaction times tent with the charge transfer sequence summarized above.
Pressure Bimolecular' Multibodyb

(aim) (nsec) (nsec) II. EXPERIMENTAL METHOD
3 7.0 4.0 A schematic representation of the main discharge cir-
5 4.2 1.s cuit together with the principal diagnostic circuitry used in

the work reported here is shown in Fig. 1. The laser tube
,Reference I consisted of a machined Delrin pressure vessel containing
"Reference 2. 87-cm-long electrodes of 0.3-cm thickness separated by ei-

ther 1.3 or 1.7 cm. The current flow in the tube was trans-
tion fast enough together with the lower efficiencies led early verse to the optical axis giving computed inductances for the
authors"' to misidentify the principal kinetic step as being the laser tube of 0.23 and 0.3 nH, respectively, for the two possi-

direct collisional excitation of neutral nitrogen by hot elec- ble electrode spacings. Measured values agreed with the

trons in the tail of the energy distribution and generally con- computed values to within experimental error. As shown in

tributed some doubt in later work as to the similarity of the Fig. 1, the laser tube was connected in a lumped Blumlein

pumping mechanisms under the different conditions of exci- circuit switched by an EG&G 3202 hydrogen thyratron. The

tation. However, the new multibody charge transfer reac- capacitors marked C in Fig. I were constructed from a 0.08-
tresolve this discrepancy by cm-thick G-30 printed circuit board, copper clad on one sidetions reported recently2"' now rsletidscpayby and contacted to two sheets of 0.039-cm-thick Mylar on the

providing the necessarily high rates of reaction. The relevant other. A foil electrode contacted to the outer surface of the

reaction of importance in the helium-nitrogen discharge la- Mylr copletde cpacto gvn a v a e of he
ser s trmoeculr carg trnsfe frm H ' t N, ocur- Mylar completed the capacitors giving a value of C = 12 nF

ser is termolecular charge transfer from He; to N2, occur- for each.
ring with a rate coefficient of 1.6 x 10 9 cm, sec'. Table I
summarizes the improvement in the expected speed of the In operation, the electrical performance of the main dis-
reaction brought about by the inclusion of this step in the charge circuit resembled that of the neutral N, laser de-
kinetic sequence. It is thus consistent with the timing of the scribed and analyzed in detail by Fitzsimmons.'" Because of
laser outputs to attribute the operation of the helium-nitro- the relatively high inductance of the thyratron, the switching
gen laser under either e-beam or direct discharge pumping to circuit functioned as a lumped LCR circuit which, upon
the common excitation scheme, commutation of the thyratron, tended to invert the voltage

across the left capacitor in Fig. 1. The ringing period of the
Ionization switching circuit was of the order of 100 nsec in this

e + He--.He'+ 2e, ( la) arrangement.

He* + 2He--He2" + He, ( lb) As the voltage across that capacitor proceeded toward a
full inversion, the voltage across the laser tube tended to-

Charge transfer ward twice the original charging voltage. At some point,

He+ +N, -- N( B11, )+2He, ( 2a) depending upon the pressure and gas composition in the la-

He + N, + He--N + ( B 21. ) + 311e, ( 2b) ser tube, the E/p would reach a value sufficient to support
the avalanche growth of the ion concentration in the gas

Stimulated emission mixture, thus initiating the kinetic chain pumping the laser
N ( Bl )+hv---N +(A-1, ) +2v, ( 3 ) transition. As the ionization increased, the conductivity in-

2 2 +3 creased, permitting the energy-storage capacitor to dis-

Capture-autoionizafion charge through the laser tube on a time scale short compared
N (A- Is) u-=I + e--*N ;:.,(4a)

-, - +Gr(4b)
--N j'(X' Zs) 0+e, (4b) V Load Monitor

where the double asterisk indicates an autoionizing level.
The rate-limiting step in the kinetic sequence is the charge To ias 5 rigger ToppedWater Resistor
transfer step. T

The work reported here concerns a reexamination of
the performance of the helium-nitrogen laser excited direct-
ly in a pMonized discharge. It will be shown that lowered T C

output efficiencies generally occurred as the result of a loss of EGBIG

coupling between the electrical load and driving circuits
caused by the time-varying impedance of the laser tube. At + HV B Monitor

the E/p values of the order of 5 V cm "' Torr-1 and the current FIG. 1. Schematic diagram of the circuit of the atmospheric electrical

densities of 1O0 A cm-' employed in this work power effi- avalanche (AEA) laser used in these experiments.
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40 measurements of B made with the plane of the loop being
- rotated through 180r

30 Jim P-- Figure 2 shows typical data obtained from the voltage

> probe and illustrates the interaction of the discharge load
2 / 51 with the switching circuit. The voltage developed across the

- laser tube is shown for several values of pressure. In each

/0, 37 case the charge voltage on the line was 24 kV and the elec-
3 o \ s trode spacing was 1.7 cm. Shown by the dashed line is the

0 open-circuit ringing voltage obtained at values of pressure
0 50 100 and preionization voltage sufficiently extreme so that no dis-

TIME (nslie charge occurred. It agreed well with the simple model for the
FIG. 2. Graphs of the transient voltage switched across the laser tube series LCR circuit for a switch inductance of 15 nH, a value
The dashed curve shows the open-circuit voltage ringing across the laser in good agreement with the thyratron specifications. As can
tube when the electical breakdown was inhibited. Solid curve% record ingoarem twthhehytonscictos.Acn
the voltage appeanng across the laser tube when filled to the indicated be seen, the peak voltage across the laser tube was found to
pressure in atmospheres and preionzed. The electrode spacing was 1.7 ring to a maximum of only 1.5 times the charge voltage in-
cm. stead of the doubling expected for an ideal switch. The solid

curves represent typical operating conditions for the pres-
to the original ringing period of the switching circuit. In thecan be seen that
atmospheric electrical avalanche (AEA) device finally real- the loading of the switching circuit caused by the conductiv-

ized in these experiments, discharge currents up to 30 kA th of the i ithn gas caused urh re ducti n
could be attained with rise times of a few nanoseconds. ity of the preioinized gas caused a further reduction in the
Swtcld eotane witrchrie time kofld ew nseod voltage developed across the tube prior to the onset of the
Switched voltages approaching 50 kV could be developed electrical avalanche. In most cases it was found that with
across the laser tube prior to breakdown.

proper preionization the voltage actually appearing across
In operation, it was found that adequate preionization the laser tube was roughly equal to the onginal charging

was necessary before the main discharge could develop uni- voltage. As was expected, increases in pressure in the laser
form and stable plasmas. In the AEA laser developed for this tube caused progressive increases in the delay of the onset of
work, spatial uniformity was finally achieved up to 9.3 atm the avalanche with corresponding increases in the voltage
pressure in discharges with transverse aspect ratios varying developed. In Fig. 2 the occurrence of the electrical ava-
from I x I to 6x I through the use of displacement current lanche can be seen to cause 4 rapid decrease of the voltage
preionization, a technique superior to uv preionization in across the tube as the conductivity of the gas increased to
relatively "transparent" gases such as helium. A potential of meet the inverse impedance of the driving circuit. Optimal
the order of 40-50 kV was applied to an electrode outside the performance of the laser was found to correspond to condi-
pressure vessel of the laser tube in a manner to create an tions for which the duration of the avalanche spanned the
intense electric field perpendicular to the axis of discharge maximum in the open-circuit voltage curve. For example,
current flow and perpendicular to the optical axis. The high- for a charging voltage of 24 kV, Fig. 2 indicates that the
voltage pulse was developed by a cable transformer" driven optimal performance would occur for pressures of the order
by a grounded grid thyratron switching a low-inductance of 3.7 atm, in agreement with the maximum actually ob-
capacitor. A delay of the order of 0.5-1.0/usec between the served in the laser output. Conversely, at 5.1 atm the devel-
preionization pulse and the main discharge was found to be
necessary. Since both the preionization and the main dis-
charge were switched by hydrogen thyratrons, the AEA la-
ser could be readily operated at repetition rates from I to 30 /d /dt
Hz. Because of the longitudinal gas flow, excessive heating
prevented the operation of the device at higher repetition )
rates. It appears that a transverse gas flow would allow oper- W / /

ation at much higher repetition rates. : 0 -
.: '.........

III. RESULTS . 0

V
As shown in Fig. I, the electrical performance was 100o

monitored by voltage and current probes connected to the LdI/dt

laser tube. A tapped water resistor was placed across the i

tube and inductively decoupled from the ground ofa Tek- 0 TIME (ns) 50

tronix 519 oscilloscope to provide the means for measuring FIG. 3. Graphs ottypical diagnostic data obtained from the i loop and

the voltage difference applied across the laser tube. The cur- from the voltage divider connected across the lawer tube are shown by
rent flowing in the discharge loop was monitored with a B the dashed and dotted curves, respectiv ely. rhe light solid curve show,

loop which could be rotated through I 80. In fact, this rota- the current obtained by integrating the dashed curve, and the heavy
ybecause of the capacitive coupling be- solid curve records the voltage appearing across the resistive part of the

lion proved necessary beaload obtained by removing the inductive compontent from the dotted
tween the loop and the extended capacitors. Each measure- curve. Data for both B and I have been inverted in sign for clarity of

ment of current was determined from the difference of two presentation
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N,1 P OUTIOu could occur. At later times the voltage excursions seen in
V' IMM I INPUT\ OUTPUT Fig. 3 must represent only the voltage developed across the[[ .V \\' / ,i inductive part of the laser tube as the current continued to

I - \ \ 3 atm ring in the discharge circuit. A comparison of the relative
0 amplitudes of the oscillations of the voltage curve and the

dl/dt curve showed them to be consistent with the calculat-
O0 ed value of tube inductance. Then, for subsequent analytical

7atm purposes the measured voltage was corrected by multiplying
0 _____

.
___the value of tube inductance by the measured value of dl/dt

and subtracting it from the measured voltage. A typical re-
so- so - ,o0- \sult for the voltage appearing across the resistive part of the

load and, thus, leading to dissipation, is shown in Fig. 3 by
the heavy solid curve. The time-dependent current obtained
by numerically integrating the dIldt curve is shown for

_____-_-" ___.______.__,, - comprison by the light solid curve. The absolute scale factor
for the current was obtained by setting the second integral of
dI/dt equal to the charge stored in the series capacitance

- 50- 0- formed from the two capacitors at the time of breakdown.
The instantaneous power dissipation in the load can, then, be

5.1 atm obtained by forming the product of the two curves.

/: \ ,A comparison of the time dependence of the input pow-
, - . er to the laser output power showed that the smaller elec-

So50 trode spacing resulted in a better power conversion, prob-TI ME (nsec ) ably because of a more-thorough saturation of the optical

FIG. 4. Graphs comparing theelectrical and optical performance of the transition. Results for the 1.3-cm spacing of the electrodes
laser tube obtained for a 1.3-cm electrode spacing and for the indicated
pressures of helium containing 0.15% N,. Dashed curves plot the volt- are shown in Fig. 4 for the four values of gas pressure indicat-
age and current applied to the laser tube as marked and scaled to the left- ed, each containing 0.15 % N2. The charge voltage was 24 kV
most ordinate. The dotted curve records the instantaneous power dissi- and the repetition rate was 10 Hz. Dashed lines show the
pation in the laser tube and is scaled to the middle ordinate. The solid discharge currents and the voltages which appeared across
curve plots the output power of the laser measured at 427.8 nm and is
scaled to the right-most ordinate, the resistive part of the load. The powers dissipated in the

load are shown by the dotted curves, and the solid curves
record the laser output power measured in the ( 0--I ) vibra-

oping avalanche can be seen to be competing for stored tional component of the B-.X electronic transition of N2 at
charge with the "ringing down" of the voltage in the switch- 427.8 nm.
ing circuit. A correspondingly lower laser output was ob- The pressure-dependent delays between the input pow-
served in that case. ers applied to the plasma. and the laser outputs are consis-

Figure 3 shows a comparison of typical data obtained tent with the magnitude of the reaction times for the charge
from the voltage and current diagnostic devices. For clarity transfer step as shown in Table 1. The scales for the power
of presentation the latter data has been inverted in sign. have been chosen as indicated, so that the close correlation
Shown by the dashed curve is the difference obtained be- between input and output power on the leading edge of the
tween successive measurements made with the B loop after curves for the high-pressure plasmas corresponds to an in-
rotation through 180'. It was observed that the data obtained stantaneous conversion efficiency of 2%. Integrals under the
with the two orientations generally showed the proper inver- power curves shown in Fig. 4 give values for the energies of
sion but contained an error signal which did not change sign the laser pulses of 1.3, 2, 3, and 4 mJ, respectively, for the
and which represented about 20% of the amplitude. Com- pressures varying from 3 to 5.1 atm. These results in com-
puting the difference of the data obtained for the two orienta- parison with the integrals under the input power curves yield
tions effectively removed this error signal and led to the type efficiencies of 1.3, 1.0, 1.0, and 0.8%, respectively, for the
of data for dI/dt shown in Fig. 3. conversion of the energies dissipated in the load for the cases

It can be seen in Fig. 3 that the successive nodes of the shown in Fig. 4.
dldt curve correspond to the nodes of the direct measure- The field strengths in the plasma corresponding to the
ment of the voltage across the load as plotted by the dotted maximum observed transfer of power can also be determined
curve. At these nodes, since dll/d=O, the voltage must re- from Fig. 4. At the higher pressures where the delay in the
present only that component which appeared across the re- kinetic chain is minimal, the highest instantaneous power
sistive part of the load, namely, the plasma. Since that volt- efficiency can be seen to occur on the leading edge of the
age was also zero at that time, it can be concluded that the pulses where the E/p is greatest. For the times at which 2%
avalanche had proceeded to an end point at which the resis- efficiency was sustained the E/p can be computed from Fig.
tance of the load had fallen to a small value in comparison to 4 to have been decreasing from 3.5 to 2 V cm" Tor'. The
the driving impedance, and no further increase in ionization corresponding current densities were increasing from 0 to
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charge transfer laser, and peak powers reaching I MW have
been demonstrated. Instantaneous power transfer efficien-

0- /726KV cies of 2% have been achieved at E/p values of the order of 3
V cm" Tort-' and current densities of 100-200 A cm2 . The
corresponding values of efficiency for the conversion of ener-

t0 oI Os3R gies dissipated in the laser tube into output pulse energies

0 24KV have been shown to be around I%.
F"2KV

-o
a 'D. K. Bohme, N. G. Adams, M. Mosesman, V B. Dunkin, and E. E.

Ferguson, J. Chem. Phys. S2, 5094 (1970).
08KV 'F. W. Lee, C. B. Collins, and R. A. Waller, J. Chem. Phys. 65. 1605

0 1 1 1 , , , 1 (1976).
5 10 'C. B. Collins. Seventh Semi-Annual Technical Report No UTDP ML-94,

PRESSURE (otm) Contract No. N00014-76-C-0174, The University ofTexas at Dallas, 1975
(unpublished).

FIG. 5. Graphs showing the parameterization of the charge transfer 'C. B. Collins, Final Technical Report No. UTDP-ML-06, Contract No.
AEA laser operating with 1.7-cm electrode spacing. Peak output power N00014-76-C-0174, The University of Texas at Dallas, 1977
is shown as a function of helium pressure and parametrically as func- (unpublished).
lions of the charge voltages shown. 'This process is the analog for molecular ions to the rapid vibrational

quenching of neutral molecules by the capture of free electrons to form
unstable negative ions. However, since the interaction force is Coulombic

160 A cm-. It can be seen that the loss of efficiencies for the for the molecular ions in comparison with the weaker charge-induced
dipole forces for the neutrals, the quenching of vibration by electron colli-

conversion of the pulse energy at the higher pressures result- sions should proceed even more rapidly in the case of the molecular ions.
ed from the prolonged flow of discharge current at relatively (For a detailed discussion of this process see J. Stevefelt, Phys. Rev. A 9,
low E/p." 2507 ( 1973).J

'C. B. Collins, A. J. Cunningham, S. M. Curry, B. W. Johnson, and M.
Stockton. Appl. Phys. Lett. 24,477 (1974).

IV. CONCLUSIONS 'C. B. Collins, A. J. Cunningham. and M. Stockton, AppI. Phys. Lett. 25.

The parameterization of the charge transfer AEA laser 344 (1974).
' A. Yariv, Introduction to Optical .lectrvnics ( Holt, Rinehart and Win.

is summarized in Fig. 5 for the case of the 1.7-cm electrode ston. New York, 1971 ). p. 103ff.
spacing. The peak laser power observed has been plotted as a 'C. B. Collins, J. M. Carroll. F. W. Lee, and A. J. Cunningham, Appl. Phys.
function of gas pressure and parametrically as functions of Lett. 23, 539 (1976).

charging voltage on the capacitors. The gross behavior is 'IV. N. lshchenko. V. N. Lisitsyn, A. M. Razkev, and V. N. Starinskii, JETP
Left. 19. 233 (1974.

evidently dominated by the degree of the coupling of the "J B. Laudenslager and T. J. Pacala. Appl. Phys. Lett. 29, 580 (1976).
plasma load to the electrical driving circuit. A comparison of "D. E. Rothe and K. 0. Tan, AppI. Phys. Let. 30, 152 (1977).
the curve corresponding to 24 kV charging voltage with the "C. B. Collins and A. J. Cunningham, AppI. Phys. Lett. 27. 127 (1975).

data of Fig. 2 shows that the peak output occurred for the "C. B. Collins and F. W. Lee. J. Chem. Phys. (to be published).
"W. A. Fitzsimmons, L. W. Anderson. C. E. Riedhauser, and I M. Vrtilek,

case in which the avalanche developed and reached comple- IEEE J. Quantum Electron. QE-12. 624 (1976).
tion during the period the switching circuit was ringing 'V. N. Ishchenko, V. N. Lisitsin, and V. N. Starnskii, Opt. Technol. 41,
through the maximum in voltage, as discussed previously. 155(1974).

"At times following the completion of the electrical avalanche, the dis-
Computed in terms of the maximum switched voltage, the charge current reaches very large values in subsequent pulses ringing
peaks in the performance curves of Fig. 5 correspond ap- through the plasma. Even though J V-0, significant power can be dissi-

proximately to an E/p value of 5V cm-' Torr". paled in it. and because of the longer times involved, significant energy as
well. It is believed that this dissipative ringing in the plasma together with

In conclusion, it appears that the AEA discharge device that through the thyratron switching circuit represents the dominant final
represents a useful means for exciting the helium-nitrogen deposition of the energy originally stored in the capacitors.
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Gain and saturation of the nitrogen ion lasera)

C. B. Collins, J. M. Carroll, and K. N. Taylor
Center for Quantum Electronics, The University of Texas at Dallas Box 688. Richarison, Texas 75080
(Received 22 March 1978; accepted for publication S May 1978)

In this work a dilute nitrogen plasma pumped by charge transfer from He* has been operated as a pulsed
optical amplifier. In the experimental system used two synchronously excited plasmas were produced by
preionized discharges in an atmospheric electrical avalanche device switched by hydrogen thyratrons so
that repetitive operation to 30 Hz would be possible. The plasmas were electrically connected in a
transverse series circuit to provide a phase delay in their excitation comparable to the optical transit time
between them. Laser output at 427.8 nm from the first discharge coupled to the fields in a self-excited
oscillator geometry was threaded through the second along its 85-cm longer dimension. Calibrated
attenuation of the beam from the oscillator subsequently input to the amplifier provided data on the
overall amplification ratio to which the two adjustable parameters of a simple model were fit. From these
parameters overall small-signal gains as large as 2 X 106 were found together with saturation intensities of
the order of 50 kW/cm'. Under the same conditionb a gain of about 18 was found at an output intensity
of I MW/cm 2. conditions relatively near the ideal extraction of power at zero gain.

PACS numbers: 42.55.Hq

Since its discovery 3 in 1974, the nitrogen ion laser to the N1 (B27Z) upper laser level are unknown. However,
pumped by charge transfer from He* has shown several the relatively small amount of fluorescenc* from this
important advantages over other laser types operating state under nonlasing conditions indicates that rates
at comparable wavelengths. Four-level operation with for such collisional quenching processes significantly
narrow line output has been demonstrated at high inten- exceed the relatively slow spontaneous transition prob-
sity levels for wavelengths which were not energetic ability which corresponds to a lifetime of 66 nsec. Such
enough to disturb the kinetic sequence pumping the a circumstance immediately implies that laser oscil-
transition. When excited in a plasma produced by the lations would be difficult to start in a helium-nitrogen
discharge of an intense electron beam with current of charge transfer plasma because of the absence of spon-
the order of 1 kA/cm' quasi-cw operation of the laser taneous radiation at the appropriate wavelengths. Con-
was achieved 4 at 427.8 nm and output power was found versely, such lasers should be less susceptible to un-
to accurately follow input power after the onset of controlled superradiancy, as has been observed to be
threshold. A time-dependent power conversion efficien- the case with both e-beam and pure discharge excita-
cy of 3% was reported4 and no evidence of bottlenecking tion. It appears, a posteriori, that the most efficient
was found over a range of circulating interacavity in- mode of operation for these devices is not the self-
tensities up to 30 MW/cm 2. Peak power densities as excited oscillator configuration generally employed,
great as 320 MW/I showed no evidence of disrupting the but rather an oscillator-amplifier combination from
kinetic sequence pumping the laser transition. 5 which the majority of the energy could be extracted at

Although overall efficiency has been observed to de- near-zero gain. Unfortunately, neither gain nor satura-
grade in prelonized discharges, 6 ,7 recent time -resolved tion intensity had been measured under lasing conditions
measurements" of the performance of the helium-nitro- and the viability of such a concept could not have been
gen charge transfer laser in such environments have determined prior to the work reported here.
shown characteristics at lower excitation current densi- This paper reports the measurement of the saturation
ties which were similar to the e-beam results. At Elp power and small-signal gain characteristic of an 85.-cm
values of the order of 5 V cm" Torrt and a current helium-nitrogen plasma excited in a preionized dis-
density of 100 Acm"2 instantaneous power conversion charge at several atmospheres pressure. Used as an
efficiencies of 2% were reported,a with peak powers in amplifier the plasma exhibited an overall gain of 1.5
excess of 1 MW. Both in timing and efficiency the per- x10' at 427.8 nm under small-signal conditions and a

formance of the discharge pumped laser was found to gain of 18 at extraction levels of I MW/cm2. The inten-
be consistent with the results of the e-beam excitation sity of uncontrolled superfluorescence was found to be
and, hence, to be consistent with the charge transfer less than two orders of magnitude below that value.
pumping sequence. Measurements of the power extracted from the amplifier

While the primary channels of the kinetic sequence for various levels of input power were found to agree
responsible for the charge transfer pumping of the laser with a simple model of gain saturation and yielded a
have been reasonably described, 4'6 attempts to quantita- value of the order of 60 kW/cm for the saturation
tively model this system have suffered from the paucity intensity.
of rate coefficient data appropriate to atmospheric Prior study of the discharge excitation of this systems

pressures. Although this can be viewed as a general in an atmospheric electrical avalanche (AEA) device
problem of high-power lasers excited in high-pressure had shown that power was coupled into the plasma load
plasmas, there are specific features of the kinetics of only for relatively short times and the majority of the
the nitrogen ion laser that render even optimization energy originally stored in the capacitors persisted in
difficult. Virtually all of the quenching rates appropriate ringing through the electrically shorted plasma remain-

ing at the end of the avalanche. This suggested the use
")Research supported by ONR Contract No. N00014-77-C-0t68. of two identical laser tubes coupled to the driving cir-
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cult in a transverse series connection, as shown 10,
schematically in Fig. 1, so that one tube could act as 1I-
the switching device for the second. In this way a rel-
atively fixed synchronization could be maintained be- 37 atm
tween the plasmas and the laser output from one could -
be threaded back through the other after an appropriate 0 o 1
optical delay had been introduced. The details of con-

a.
struction and operation of the device with a single tube -

have been discussed previously and in this work the o
operation of the first tube in the series followed those 3ott

results both in electrical input and laser output. Opera- 3:

tion of the second tube was consistent with the same 0
equivalent circuit describing the first except that the
first tube played the role of the switching element in
place of the thyratron. Because of the lower inductance _ .. . . ._ __,_,

of the first tube in comparison to the thyratron the ring- o0 0 IC
3  o 

ing time for the inversion of the middle capacitor was POWER !NPUT (watts)

shortened by about a factor of 2, giving a relative delay "
of about 25 nsec between the two laser plasmas. Both FIG. 2. Graph of the data showing peak powers output from

the optical amplifier at 427.8 nm for various values of Input
tubes were synchronously preionized by a pulse of the pulse amplitudes obtained from the synchronized master
order to 40-50 kV applied to external electrodes. It oscillator. Solid curves plot output powers computed from the
was developed by a cable transformer' 9 driven by a simple model of Eq. (1) containing the two adjustable parans-
hydrogen thyratron switching a low-inductance capaci- eters, saturation intensity, and overall logarithmic gain under
tor. Since both the preionization and the main discharge small-signal conditions. The particular values used to obtain

were switched by hydrogen thyratrons the dual-AEA the displayed curves were 53 kW/cm and 12.0, respectively.
for the curve fit to the 3-atm data and 58 kW/cm2 and 14.5,

laser could be readily operated at repetition rates from respectively, for the curve fit to the 3. 7-atm data.
I to 30 Hz.

When run as independent self-excited oscillators the two
two tubes gave essentially the same laser output at conditions output from the second tube was measured to
427.8 nm provided operating conditions were not exces- be 560 kW and beam divergence was reduced by a
sively close to threshold. For example, at 3. 7 atm of factor of better than 2 below that which had been
helium containing 0. 1517, nitrogen and at a charge volt- obtained from the same tube running as a self-excited
age of 22 kV the first tube produced output pulses with oscillator. The insertion of calibrated neutral density
peak power of 225 kW while the second tube gave 270 filters into the beam from the oscillator input to the
kW. This is somewhat below the 420 kW produced by a amplifier permitted the quantitative measurement of
single tube connected between two of the capacitors. the amplification factor of the second laser plasma over
Considering the relatively wide range of operating a dynamic range of five orders of magnitude. The re-
parameters over which an instantaneous power conver- suiting data are shown in Fig. 2 for two of the different
sion efficiency of 2/, was achieved in such a single operating conditions which could be synchronized with
tube, 8 it is more likely that the lowered outputs from the same optical delay line. The data shown correspond
each of the two tubes in series resulted from less input to operating pressures of 3 and 3.7 atm, as marked,
electrical power being successfully coupled into the and to charge voltages of 18.5 and 22 kV, respectively.
plasmas rather than from a loss of instantaneous con- Also shown in Fig. 2 are solid curves plotting the output
version efficiency within the plasmas. Unfortunately, powers computed from a model' containing two adjust-
because of grounding problems the instantaneous able parameters,
electrical characteristics could not be directly mea- Io, = 1, In{ + [exp( I . / l #) - I I exp(* o MI, (1)
sured as had been done' when a single tube was used.

When the mirrors were removed from the second tube where 1i,, 1.,t, and I, are the input, output, and satura-
under the same operating conditions the output dropped tion intensities, respectively, (r, is the small-signal
over two orders of magnitude, indicating uncontrolled gain in cm "1, and L is gain pathlength in cm. The satu-
superfluorescence to be of negligible importance. Then ration intensity appearing in this expression differs
about 101; of the output from the first tube, running as a somewhat irom the text-ook term0 and is given by
self-excited oscillator, was suitably delayed and 1, = (4rh V1,/AXr)&V, (2)
threaded back through the second tube. Under those con-

where 1. der. tes inverse transition probability for
H , T, q;- spontaneous emission at the operating wavelength, r is

,, , the temporal FWHM of the laser pulse, A and v are the
-- - .. _wavelength and frequency, respectively, of the transi-

--_LC _L - C tion, and Av is the bandwidth of transition, principally
' , due to pressure broadening. Substitution of appropriate

fiv constants and transition probabilities into Eq. (2) gives
SCHEMATIC I,- l1.3(A) kW/cm2 , where Ai is the linewidth in

FIG. 1. Schematic diagram of the circuit of the particular wave numbers. Thus I, can be seen to be an essentially
version of AEA discharge system used in these experiments, intrinsic parameter describing the molecular transition
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,r _Thus, the work reported here has shown that N*
plasmas pumped by charge transfer from He* can be

-4 - effectively used as optical amplifiers at 427. 8 nm at
intensities nearing full saturation of the transition.

-Under the highest gain conditions examined a small-

Jos +4% " signal gain along the 85-cm path of 1.5 x 106 was ob-
I "served with little uncontrolled superfluorescence.

CL " _/oi Fitting of the input-output data to a simple model in-
0 dicated the corresponding zero-signal gain was

exp(14.5) -2 x 10'. Under the same operating conditions
a gain of about 18 was found at output intensities of 1

0 MW/cm 2 , conditions relatively near the ideal extraction
(L /of power at zero gain. At input intensity levels of the

order of 1,, 50-60 kW/cm 2, the power extracted from

1011 _the amplifier was over twice that obtained from the

00-o too 3 o0  same plasma coupled to the fields in a self-excited
POWER INPUT (watts) oscillator. Since the latter configuration generally

FIG. 3. Graph of the data obtained at a pressure of 3.7 atm operates with an instantaneous power conversion effi-

for peak power outputs from the optical amplifier for various ciency around 2', at these pressures, it appears that
values of input pulse amplitudes obtained as in Fig. 2. The the amplifier operates at an efficiency of 41W relative
solid curve plots values computed from Eq. (1) using a to the instantaneous power coupled into the plasma.
saturation intensity of 58 kW/cm2 and an overall logarithmic
gain of 14.5. Dashed curves show the sensitivity of the model Evidently the relatively narrow bandwidth realized
to the changes of overall logarithmic gain indicated on the from this laser transition between bound electronic
graph. states of N, compensates the high rate of collisional

quenching of the upper laser level and thus brings the

in N,*, whereas the other adjustable parameter (aoL) saturation intensity down to values which can be reason-

is an extrinsic parameter depending on the strength of ably attained in master oscillators. Since the quenching

the kinetics pumping the inversion, channel can be bypassed if laser intensities in the plas-
ma significantly exceed the relatively modest saturation

Adjustments of the two parameters needed to obtain intensity, the strong collisional quenching becomes an
the agreement seen in Fig. 2 between the model given advantage because it suppresses uncontrolled super-
in Eq. (1) and the experimental data gave values for fluorescence. Thus, it appears that as an optical ampli-
the saturation intensity, I, of 53 and 58 kW/cm 2 for the fier, the helium nitrogen laser holds the potential for
3- and 3.7-atm data, respectively. The sensitivity ol efficient high-power operation at several visible
the model to this adjustable parameter is greatest at wavelengths.
the higher input powers where Eq. (1) reduces approxi-
mately to I,*toL +11,, the expression for the extraction
of power from the inversion under the fully saturated IC.B. Collins, A.J. Cunningham, S. M. Curry, B.W.
conditions of zero gain. Thus, at the limits of high input Johnson, and M. Stockton, Appl. Phys. Lett. 24, 477 (1974).
power the uncertainty in the product IaoL is linearly 2C. B. Collins, A.J. Cunningham, and M. Stockton, Appl.

Phys. Lett. 25, 344 (1974).
dependent upon the uncertainty in the measurement of 3V. N. Ishchenko, V. N. Lisitsyn, A. M. Razkev, and V. N.
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pressure. The saturation intensities, while not re- from an optical amplifier operating on a transition showing

solved significantly, appeared to scale more slowly with homogeneous broadening. See F. llopf, in High Energy

P"12 m tbe indicated. Lasers and Their Applicotions, edited by S. Jacobs, M.
pressure and a dependence on might sargent Ill, and M.O. Scully (Addison-Wesley, Reading,
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parameter, only a very slow variation through changes the atomic units of the above reference to intensities results
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DYES PUMPED BY THE NITROGEN ION LASER *
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Box 688, Richardson, Texas 75080, USA
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Coumarin derivatives, 6, 30, and 102, were excited in a simple dye laser by the output at 427.8 nm from a nitrogen ion
laser pumped by charge transfer from 1e2. Tuning ranges and stabilities of the dyes are reported.

The effective substitution of amino and hydroxyl cited in an Atmospheric Electrical Avalanche (AEA)
groups into coumarin dye molecules resulted several device, stabilized by displacement current preioniza-
years ago 11,21 in a family of coumarin derivatives tion. The output at 427.8 run was derived from the
which spanned the otherwise difficult blue-green region (0,1) vibrational component of the B -+ X electronic
of the spectrum accessible to dye lasers. Because of transition of N+ pumped by charge transfer from He+.
the limited absorptivity of these coumarins at 337.1 As reported previously 161 , since both preionization
nm and their relative fragility, these dyes found their and discharge circuitry were switched by hydrogen
principal usage in cw laser pumped systems employing thyrgtions, stable operation could be achieved at a PRF
longer pumping wavelengths or in flashlamp-pumped varying from I to 30 Hz with megawatt level outputs
devices. More recently, however, fluorination [3] of in a 4 ns pulse. For the purpose of the experiments re-
the various coumarin derivatives has yielded greatly ported here the AEA pump laser was operated at a re-
improved stability against photochemical decomposi- duced voltage to give 1 mJ pulses at 427.8 nm with
tion, as well as lowering the wavelengths at which peak 250 kW peak power.
absorption occurs. As a result most N2-laser manufac- The dye laser consisted of an 1800 1/mm grating, a
turers now routinely list the blue-green spectral ranges 2 ml dye cell, and an output coupler having 60% reflec-
to be covered by these fluorinated coumarins operating tivity over the blue-green region of the spectrum. These
in dye lasers pumped by their most powerful nitrogens elements were mounted colinearly and pumped trans-
lasers. Generally, at megawatt levels of input power, versely with the output from the nitrogen ion laser. No
even at the reduced absorptivities found at 337.1 nm, circulation of the dyes was attempted. Three dyes were
satisfactory saturation of the laser transition can be ac- used, coumarins 6, 30, and 102, each dissolved in
complished so that high conversion efficiencies are ap- ethanol in molar concentrations of 10-2. The depth of
proached [4,51. However, little apparent success has penetration of the pumping radiation into the dye was
been found in further attempts to pump the unfluori- very small and in the case of coumarin 30, excessively
nated courmarin derivatives with pulsed lasers of high so, rendering alignment difficult. In that particular
peak power. case a concentration of 10 - 3 molar was also used for

This paper reports an examination of the excitation convenience but with otherwise similar results.
of a selection of coumarin derivatives in a simple dye Table I lists the resulting tuning ranges obtained.
laser excited by the pulsed output at 427.8 rnm from It can be seen that the tuning range for coumarin 102
a nitrogen ion laser 161 . The pump laser, itself, was ex- was greater than that suggested as being typical of N2

laser pumping at 337.1 nm and compared favorably
Research supported by ONR Contract No. N00014-77.C- with flashlamp pumping 171. For each dye examined
0168. output intensities compared favorably to, or exceeded,
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Table I case of the coumarin 30 at the 10- 3 concentration the
Summary of tuning ranges obtained by pumping the coumarin lifetime was indicated to be in excess of 30 photons
derivatives listed with I mJ pulses at 427.8 nm obtained from per molecule.
a helium-nitrogen charge transfer laser operating at 10 Hz with
250 kW peak power It is, thus, indicated that the monochromatic pump-

ing of the simple derivatives of coumarin dye at a wave-
Dye Tuning range length more near to their absorption maxima results

(nm) in not only efficient, but also non-destructive excita-
tion of these laser dyes. Considering the moderately

Coumarin 6 507-529 high, 1 -4% instantaneous power conversion efficiency
Coumarin 30 482-507 of the pump laser, it may be that the dyes examined
Coumarin 102 453-510 in this work offer an effective means of downconver-

sion of the pump radiation into the blue-green spectral
that obtained from coumarin I when pumped with region with reasonable efficiency.
337.1 nm in a similar geometry at comparable power
levels, to the extent similar geometries could be ar- The authors gratefully acknowledge stimulating dis-
ranged. The general impression was that these coumarin cussions and the loan of a spectrometer from their col-
derivatives, 6, 30, and 102, were very intense when league, Dr. G. Marowsky of the Max.Planck-institute,
pumped with 1 mJ pulses at 427.8 run in the simple Gottingen.
dye laser geometry. However, no effort was made to
arrange critical output coupling and optimum pumping
geometry in order to determine the absolute conversion References
efficiencies of the dyes.

The lifetimes of the dyes were surprising in view of I l S.A. Tuccio, K.H. Drexhage and G.A. Reynolds, Opt.
their fragility when flashlamp-pumped. Even without Commun. 7 (1973) 248.
forced circulation of the dye solution, operation for 12) K.H. Drexhage, in: Topics in applied physics, Vol. 1, Dye

lasers, ed. F.P. Schafer (Springer-Verlag, New York, 1977)
periods of 10 to 30 min at 10 Hz failed to show ap- p. 161 ft.
preciable degradation of either of the three dyes when 13) E.L. Schimitschek, ].A. Trias, P.A. Hammond, R.A. Henry
pumped with the 427.8 nin radiation. It is interesting and R.L. Atkins, Opt. Commun. 16 (1976) 313.
to compute that 10 min operation corresponded to [41 Molectron Corp,, 177 N. Wolfe Rd., Sunyvale, CA 94086.
the average absorption of one pump photon per dye 151 Lambda Physik, Wagensteig 8, D-3400 Gottingen, Germany.

(61 C.B. Collins, J.M. Carroll and K.N. Taylor, J. Appl. Phys.,
molecule in the case of the 10-2 molar concentrations, to be published.

thus indicating that the lifetime of the molecule is in 171 Laser dyes (Exciton Chemical Co., 5760 Burkhardt Rd.,
excess of several absorption-emission cycles. In the Dayton, Ohio 45431).
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A regenerative power amplifier operating on the blue-green
line of the nitrogen ion lasera)

C. B. Collins, J. M. Carroll, K. N. Taylor, and F. W. Lee
Center for Quantum Electronics, The Univeriaty of Texas at Dallas. Box 68& Rkhadanjwo. Texas 7!OW
(Received 29 May 1971; accept for publication 18 July 1978)

Operation of the nitrogen son laoe as an optical regenerative amplifier driven by a master oscillator SHlOWS
the output to be effectively switched into the blue-pm region of the spectrum. In this work an amplifier
contai a dilute plasm of nitrogen on ow pumped by termolecular charge transfer from He
produced by an intense c-beam propagating through several atmospheres pressure of gas mixture. The
injection of relatively broadband output from a dye Ia owllator caused the output from the amplifier to
awitch entirely into the (0,2) vibrational component of the B-X electronic transition of N* at 470.9 nm.
An output linewidth of 0.007 r was achived together with the early saturation of the laser transition
needed for the extraction of power from the amplifier at optimal drciency.

PACS numbers: 42.60.Cz

It has been shown recently that an Nj plasma pumped controlled superfluorescence in the (0, 1) band was
by charge transfer from Hei can be used more effective- effectively suppressed even at high powers. These
ly as an optical amplifier than as a self-excited oscil- considerations have suggested a posteriori that spectral
lator. I The relatively weak spontaneous emission re- shifting of the output from the nitrogen ion laser could
suiting from rather strong collisional quenching has be accomplished best in an oscillator-amplifier
been generally observed to make laser oscillations configuration.
difficult to start in this system. -6 However, since the This paper reports the construction and demonstra-
quenching channel can be bypassed if the optical inten- tion of an optical regenerative amplifier operated suc-
sities in the plasma exceed the saturation intensity, cessfully on a component of the blue-green (0, 2) band
strong collisional quenching can be an asset by sup- of Ni. It was pumped by the termolecular charge
pressing uncontrolled superfluorescence, provided the transfer , 8 of energy from H produced in the dis-
saturation intensity is not too great to achieve with charge of an intense electron beam into several atmo-practical devices. The saturation intensity of a laser spheres pressure of helium containing 50 Torr of
transition depends directly upon the bandwidths of the nitrogen. The optical cavity used in these experiments
gain and recent measurements have shown that the consisted of one plane and one concave mirror separat-
narrow bandwidth realized from the B -X transition ed by 12. 5 cm and arranged on an axis perpendicular
between the bound electronic states of Nj does sufficient- to the direction of e-beam propagation. Dielectric coat-
ly compensate the high rate of collisional quenching to ings were obtained to give a mean photon lifetime in the
bring the saturation intensity down to valuest of the cavity of 20 nsec at 470. 9 nm and only 0. 8 nsec at the
order of 50 kW/cm 2. In fact, in that work operation of 427. 8-nm wavelength corresponding to the (0,1)
the nitrogen ion laser was reported under conditions component.
very near the ideal of maximum power extraction at
zero gain. A maser oscillator was constructed from a pulsed

dye laser using coumarin I dye pumped by a convention-
Attempts to tune or shift the spectral band on which al nitrogen laser with a peak power of several hundred

the charge-transfer laser operates are necessarily kilowatts. An intracavity telescope together with an
affected most critically by these considerations. The 1800-line/mm grating in the dye laser cavity gave an
normal output of the laser is in the (0,1) vibrational oscillator bandwidth corresponding to about 0.07 nm at
component of the B - X transition of N2, although some 470. 9 nm. Peak powers of the order of I kW were oL-
shifting into the (0, 0) and (0, 2) components has been tained within this bandwidth.
reported. 3 The latter lies at a wavelength of 470. 9 nm
which is nearly optimal for applications involving Output from the master oscillator was coupled into
underwater propagation. Unfortunately for that context, the cavity of the regenerative amplifier through the
the relative transition probabilities for stimulated partial transparency of the plane mirror. Unfortunately
emission of the (0, 2) and (0, 1) components are in the the relatively long photon lifetime in the cavity together
ratio of 1 to 3. 6, rendering both the gain and the dif- with the rather short duration of the oscillator pulse
ficulty in starting oscillations from spontaneous emis- combined to render the coupling of the oscillator to the
sion even more severe. The consequence of this can be amplifier comparatively weak. Most of the illumination
seen in the relatively weak output reporteds from self- incident upon the amplifier cavity was rejected and the
excited oscillators operating on the blue-green com- intracavity fields could not in single pulses build to
ponent, even with high levels of excitation. However, values much in excess of the external fields. As a
the weak (0, 2) component was reported to have been the result, it was estimated that the peak oscillator power
only output under those conditions Indicating that un- actually coupled into the amplifier was of the order of a

few hundred watts at best.

aResearch supported by ONR Contract No. N00014-77-C-0168. Synchronization of the dye laser oscillator with the
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e-beam was accomplished by delaying a synchronization 20 , ,
pulse from the e-beam command circuit with a variable
delay generator and then using it to trigger the thyra-
tron switching the nitrogen laser pumping the dye. 0. 0
Overall system jitter was of the order of 50 nsec and
was observed to be quite random. This required an
undesirably large number of e-beam discharges be
made in order to obtain a few in which synchronization 20
occurred to an accuracy con tarable to the mean life- W 000

*.0
time of an oscillator photon inlhe amplifier cavity. 2 0

Figure 1 shows typical data obtained when adequate
synchronization was achieved. The intensity of the I I i I I I

amplifier output at 470. 9 nm is shown as a function of -40 -20 0 +20
time following the onset of the e-beam current. Under T I ME (nsec)
these conditions the amplifier plasma was being pumped FIG. 2. Peak intensities of the 470.9-nm output from the re-
by an e-beam sheet reaching a peak current of the order generative amplifier plotted as a function of the delay follow-
of 22 kA with transverse dimensions of I xI0 cm. The ing the onset of the e-beam current, in the time of arrival
dotted lines in Fig. 1 bound the variance in the time at at the amplifier of the pulses from the oscillator.
which the e-beam current had decayed to I/e of the
peak value. This variance itself was contributed by an
auxiliary crowbar electrode in the e-beam diode enve- lifetimes in the cavity implying that the oscillator
lope which served to clip the low-energy tail of the intensities circulating within the amplifier cavity were
pulse in order to improve the foil lifetime, down by more than a factor of 7 at the start of the

Data from two separate discharges are shown in e-beam discharge. Nevertheless, even this reduced
Fig. I together with the individual oscillator pulses level of injected energy resulted in some output as the
injected into the amplifier cavity. In order to render power emitted from self-excited oscillations in the
both signals visible on the same scale the pulse from amplifier was generally inadequate to record on the
the oscillator was obtained from the dye laser beam oscilloscope and could only be dimly seen as a very
rejected by the amplifier cavity. Being of low diver- diffuse pattern on a screen in a darkened room. In con-
gence it passed completely through the apertures pro- trast the output corresponding to the upper trace was
viding geometric attenuation of the more divergent beam visibly both intense and compact as expected from the
subsequently emitted from the cav;ty. Thus, although appearance of the pattern of the oscillator power re-
the sensitivity scales were the same between the suc- emitted from the amplifier cavity in the absence of
cessive discharges shown in Fig. 1, the oscillator e-beam excitation.
pulses were not on the same scale having bypassed a Figure 2 shows the dependence of the amplifier output
total of several orders of magnitude of attenuation, on the time delay between the onset of e-beam current

The upper trace in Fig. 1 can be seen to correspond pumping the amplifier and the arrival of the optical
to nearly optimal occurrence of the oscillator timing, pulse from the oscillator. This delay could not be con-
The lower occurred too early by about two mean photon trolled on the time scale shown and the points plotted

represent the random delays resulting from the system
jitter. The data from the lower trace in Fig. I is not
shown as it would have plotted both to the left and below

, 1the coordinates chosen. The decrease in output with
the increasingly early arrival of the oscillator pulse is
roughly consistent with the inferred lifetime of those
photons in the amplifier cavity.

>.i
Somewhat surprising is the apparent occurrence of

0 the peak in Fig. 2 at small negative times. This may
z have resulted from nonoptimal coupling of the oscillator

fields into the cavity. The mean photon lifetime in the
cavity quoted earlier as 20 nsec corresponded to purely

H axial propagation. However, since it represented fewer
-so o so 100 than 50 cavity transits, the excitation of stable cavity

TIME (nsec) modes could not be necessarily expected. If the ampli-
FIG. I. Plot of the output intensities at 470.9 nm from the fler cavity is considered to have been an optical wave-
regenerative amplifier excited by the oscillator pulses seen on guide folded upon itself, the stably propagating modes
the leading edges of the waveforms. Intensities are plotted as must have consisted of bundles of rays periodically
functions of time following the onset of the e-beam current. converaging and diverging upon reflection at the cavity
Dotted lines bound variation In the times at which the e-beam mirrors. I For nonideal bundles of rays initially inci-
current had fallen to e- of the peak value "ata from two
separate discharges with different delays% tie arrival of the dent upon such a structure the divergence is great after
oscillator pulses are shown with the zeros of Intensity offset several reflections and the fraction of propagating pho-
for clarity, tons walking-off the mirror on the next reflection is
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large. However, once the maximum divergence has portion of the bandwidth of the input excited growing
been passed the subsequent pattern ot focusing and de- oscillations in the amplifier cavity. In any case it
focusing is simply periodic and the remaining photons appears that the injection of broadband illumination near
stay in the cavity until they are transmitted through the 470.9 nm into an amplifier cavity ofers a means not
mirrors. It can be reasonably expected that the energy only of switching the nitrogen ion laser output into the
finally emitted into the output beam would be greater it blue-green but also provides the radiation needed to
the maximum divergence of the circulating intensity, reach an early saturation of this low-gain transition so
with its high loss of photons, had passed before ampli- that optimal efficiency may be achieved.
fication ensued. This would require an early arrival of
the incident pulse from the oscillator and could explain
the peak performance seen in Fig. 2 at small negative 1C. B. Collins, J. M. Carroll, and K. N. Taylor, Appl. Phys.
times. Lett. 33, 175 (1978).2C.B. Collins, A.J. Cunningham, and M. Stockton. AppI.

Interferometric measurement of the amplifier output Phys. Lett. 25, 344 (1974).
showed the laser line to be considerably narrowed. An 3C.13 . Collins and A.J. Cunningham, Appl. Phys. Lett. 27,
FWHM of 0. 007 nm was found in contrast to the 0.07- 127 (1975).

nm bandwidth of the oscillator pulse originally injected 4J.B. Laudenslager and T.J. Pacala, Appl. Phys. Lett. 29.
580 (1976).

into the cavity. Thus it appears the system described SD. F. Rothe and K.O. 'ran, Appl. Phys. Lett. 30, 152 (]977).
here was not working as a conventional injection-locked 6C. B. Collins, J.M. Carroll, and K.N. Taylor, J. Appl.
oscillator in which a narrow-band input serves to fre- Phys. 49 (1978).
quency lock a broadband amplifier. This was confirmed TF.W. Lee, C. 13. Collins, and R. A. Waller, J. Chem. Phys.

by the inability of the amplifier to track the oscillator 65. 1605 (1976).
8C. B. Collins and F.W. Lee, J. Chem. Phys. 68, 1391

as it was tuned by more than one FWHM to either side (1978).
of the output line. Rather the system seemed to operate 9A. Yariv, introduction to Optical Electronics. 2nd ed. (Holt,
as an optical regenerative amplifier in which the useful Rinehart, and Winston. New York, 1976), p. 18.
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GAIN AND SATURATION OF THE NITROGEN ION LASER*
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Abstract

In this work a dilute nitrogen plasma pumped by charge transfer from He 2
4 has been

operated as a pulsed optical amplifier. In the experimental system used two synchro-
nously excited plasmas were produced by preionized discharges in Atmospheric Electrical
Avalanche (AEA) devices switched by hydrogen thyratrons so that repetitive operation to
30 H~z would be possible. In a departure from previous work, the plasmas were arranged to
be electrically independent except for triggering adjustments to provide a phase delay in
their excitation comparable to the optical transit time between them. Laser output at
427.8 nm from the first discharge coupled to the fields in a self-excited oscillator geom-
etry was threaded through the second along its 137 cm, longer dimension. Calibrated
attenuation of the beam from the oscillator subsequently input to the amplifier provided
data on the overall amplification ratio to which the two adjustable parameters of a simple
model were fit. From these parameters overall small signal gains a large as 10 were
found together with saturation intensities of the order of 50 KW/cm which confirmed pre-
liminary values reported earlier that had been obtained from a substantially different
geometry. Under the same conditions a gain of about 76 was found at an output intensity
of 0.85 NIW/cm , conditions relatively near the ideal extraction of power at zero gain.

Introduction

Since its discoveryl , 2 ,3 in 1974, the nitrogen ion laser pumped by charge transfer from
He2  has shown several important advantages over other laser types operating at comparable
wavelengths. Four-level operation with linewidth as narrow as .007 nm was demonstrated
at high intensity levels for wavelengths which were not energetic enough to disturb the
kinetic sequence pumping the trasition. When excited by an intense electron bam with
currents of the order of 1 KA/cm , quasi-cw operation of the laser was achieved at
427.8 nm and output power was found to accurately follow input power after the onset of
threshold. A time-dependent power conversion efficiency of 3% was reported and no evi-
dence of bottlenecking was found over a range of circulating intracavity intensities up
to 30 MW/cm4. Extracted power densities as great as 3J0 MW/t gave no evidence of disrupt-
ing the kinetic sequence puipjng the laser transition.

In preionized discharges the overall efficiengy had been initially observed to
degrade, but more recent time-resolved measurements B of the performance of the helium
nitrogen charge transfer laser in such environments have shown characteristics at lower
excitation current ensit es which were similar to the e-bea results. At E/p values of
the order of S Vcm' torr" and a current density of 100 Acm "T instantaneous power con-
version efficiencies of 2% were reported, with peak powers in excess of 1 MW. The most
recent scaling studies have brought output powers to 2.8 MW and the corresponding effi-
ciencies for the utilization of the energy stored on the final discharge capacitor to
0.3%. Both in timing and efficiency the performance of the discharge pumped laser is
consistent with the results of the e-beam excitation and, hence, consistent with the
charge transfer pumping sequence.

In some respects, such as in the ability of the kinetic channels and intermediate
species to withstand very high circulating powers without disruption, in the transparency
of the laser medium to the output line, and in the relative freedom of the laser transi-
tion from runaway superfluorescence, the potentials of the charge transfer laser exceed
those of the rare-gas halide systems. However, other aspects resulting primarily from
the fact that the laser transition connects highly excited states of an ion have caused
the realization of the potential benefits of this system to lag considerably behind the
development of the excimer devices.

The first of these problems is that the output scales with ionization but the laser
medium contains no attaching gases so that efforts to reach higher output energy densities
have necessarily resulted in electrical avalanches to successively lower values of dis-
charge impedance. With direct e-beam, ion-beam, or nuclear pumping this presents no
conceptual difficulty, but with direct discharge pumping the growing impedance mismatch
with the driving circuit has limited the useful duration of the pumping pulse to a time

Research supported by ONR Contract No. N00014-77-C-0168.
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comparable to that required for the avalanche to develop in the laser medium. Thus a
dominant factor controlling the overall efficiency of such a discharge device is the
extent to which the stored energy can be completely discharged through the laser medium
in a time comparable to the relatively few nanoseconds required for the electrical ava-
lanche. This has transformed the problem of optimizing the charge transfer laser into
an effort in technology development and progress is being made in that direction.

The second difficulty specific to this system has resulted from the relatively small
amount of fluorescence emitted from the upper laser level under non-lasing conditions.
This clearly suggests that rates for collisional quenching processes significantly exceed
the relatively slow spontaneous transition probability corresponding to a lifetime of
66 nsec. Such a circumstance immediately implies that laser oscillations would be diffi-
cult to start in a helium nitrogen charge transfer plasma because of the absence of
spontaneous radiation at the appropriate wavelengths. However this is the same effect
that makes such lasers less susceptible to uncontrolled superradiancy, as has been ob-
served to be the case with both e-beam and pure discharge excitation.

Lest it be prematurely concluded that such a high rate of quenching precludes effective
operation of a charge transfer device, it must be recalled that the probability of ex-
tracting one photon per inversion is given by the ratio 1/(l + Is), where I and Is are the
circulating intracavity intensity and the saturation intensity, respectively. Thg fact
that the transition occurs between bound molecular levels has been recently shown to lead
to a bandwidth of the gain of only S cm - 1 and jhus, to bring the saturation intensity down
to a reasonable value of the order of S0 KW/cm . This value can be readily attained in a
small discharge oscillator and immediately suggests that the nitrogen ion laser would show
its best performance when coupled to the fields in an oscillator-amplifier configuration.
In fact, used as an amplifier, a chage transfer plasma excited in a preionized transverse
discharge, 85 cm in length exhibited an overall gain of 18 at extraction levels of
1 MW/cm, conditions relatively near the ideal extraction of power at zero gain. The
intensity of uncontrolled superfluorescence was found to be less than two orders of mag-
nitude below that value. Measurements of the power extracted from the amplifier for
various levels of input power were found to Igree with a simple model of gain saturation
and yielded a value of the order of 58 KW/cm for the saturation intensity.

The work reported here attempts to extend this modelling to a larger single-pass
amplifier excited by a preionized discharge. It was the intent to assimilate the results
obtained with this system together with past results into a comprehensive kinetic model
which could guide the technologic advances necessary to overcome the problems pecular to
this system.

Kinetic Background

Past attempts to quantitatively model the kinetic sequence pumping the nitrogen ion
laser have suffered from the paucity of rate coefficient data appropriate to atmospheric
pressures. Although this can be viewed as a general problem of high-power lasers excited
in high pressure plasmas, it is interesting to note that the existence of the type of
charge transfer reaction pumping this system was unsuspeclgd prior to the development of
the laser. In fact prior to the work of Lee and Collins, it was generally assumed that
the extensive literature on charge and excitation transfer reactions derived from low
pressure experiments could be used to adequately model the high pressure laser environ-
ment. Unfortunately, it has been recently shown that many bimolecular reactions studied
at low pressures have their termolecular analogs which dominajf j pressures around one
atmosphere because of the importance of multibody cWjl ions. A semi-classical
model of such reactive collisions has been reported which now provides guidance in
estimating these new reaction channels which may be of importance to a variety of lasers
operating in high pressure plasmas.

A revision of the kinetic scheme descriptive of the nitrogen ion laser pumped by charge
transfer from le2  has been made in order to include the multibody processes. The re-
sulting seq'aence shown in Table 1 together with rate coefficients and branching ratios
has served to explain all of the elements in the existing data base comprising the results
of measurements on devices pumped by both e-beams and preionized discharges.

The rate limiting step in the growth of the inversion leading to cavity oscillation
is the charge transfer step which scales with the concentrations of both helium and ni-
trogen. At helium pressures compatable with the experimental apparatus generally used,
once the laser transition is saturated the probability of extracting one photon per ion
initially produced is determined primarily by the competition between the reaction
channels of He+ . The branching ratio between those channels should asymptotically ap-
proach unity as the partial pressure of nitrogen is reduced, thus posing a requirement
inconsistent with those needed to attain threshold. As a consequence, this together with
the generally small spontaneous fluorescence emitted confirms the indications that the
nitrogen ion laser must be expected to operate most efficiently as an optical amplifier.
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Table 1

Dominant Reaction Channels
in Helium Nitrogen Plasmas Supporting
Stimulated Emission from the B--X

Transition of N2

3Reactionrate coefficients are shown in parentheses in units of 10"1 cm.3sec -1 and
10 cm sec for those component bimolecular and termolecular reactions, respectively,
which dominate the evolution of the reactive species of importance. Branching information
is shown as a multiplicative factor preceeding the rate coefficient.

Pumping Channels Competing Losses

Ionization

He +2He- He2*+He (.065 )a He +N2- Products (12) b

He+ N2+He - Products (22) c

Charge Transfer

He2 +N 2 -NZ+(B)+2He .7 5 (11)d He, .N2 - Other Products .25(11)d

He2++N2+He- N2+(B)+3He .7S(16)d  He2++N2+He- Other Products .25(16)d

He2 +e+X.Recombination ( e

Stimulated Emission

N2+(B)+hv - N2+(X,v=l) 2hv C ) N2
+ (B)+e--Neutrals (600 )c

N2 (B)+N 2 -- N4  (4 )g

Lower State Quenching

N2+(X,v=l)+e -N 2 **(v=l) (lOO00)h

N2**(v-l) -. N2 (X,v=0)+e

N2+(X,v=I)+N 2- N2v-)+N2 {X,v=0} ( )

a. Ref. 13.
b. Ref. 14.
c. Ref. 15.
d. Rate coefficients from Ref. 10, branching ratios from Ref. 15.
e. This depends strongly on electron temperature and is difficult to estimate meaning-

fully. -0 62
f. a - 14P where P is the pressure in atmosp :res, Ref. 15.
g. Apparently this is a 3-body process which effectively occurs as a bimolecular reaction

because of saturation, Ref. 15.
h. Estimated, Ref. 4 and Ref. 15.
i. Private communication, F. C. Fehsenfeld, NOAA. A value in excess of Langevin,

8 X 10i is expected.

Fortunately the situation is relatively favorable for the realization of an efficient
single-pass amplifier pumped by the kinetic sequence summarized in Table 1 when excited
by a preionized discharge. The growth of an optical pulse in an amplifying medium has
been shown theoretically and confirmed experimentally in the helium nitrogen systemi to
be described by the expression,

Equation (1) has been taken from an equivalent expression used in Ref. 16 to describe

the integrated pulse energy extracted from an optical amplifier operating on a transition
showing homogeneous broadening. The conversion from pulse energy in the atomic units of
the above reference to intensities results in Equation (1) where I is a factor of t/2r
larger than the textbook saturation intensity, as described in A. fariv, Introduction to
Optil Electronics (2nd Ed., Holt, Rinehart, and Winston, New York, N.Y., (1976), p. io8.
TE ac teristic times ti, and T denote the lifetime of the upper laser level and the
temporal FWHM of the output pulse, respectively.
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lout + 11n[l + ( I in/ I s -1) IYL] (1)

where y is the gain, L is the length the plasma, and 'in and Is are the input and
saturation intensities, respectively. In the limit of an input intensity from an ex-
ternal oscillator which is large compared to the saturation intensity, the expression
takes a particularly simple form

lout ' Iin * yLI s  (2)

This is the ideal limiting case of the extraction of power at zero gain and corresponds to
the removal of an optical power of y1s from the plasma per unit length. The intensity,
Is, is an intrinsic parameter depending little upon experimental conditions and y is an
extrinsic variable directly related to the strength of the pumping. While the simple
expression for kinetic branching I/(I * Is) predicts S0% extraction when 'in = Is, the
growth of the intensity increases this amount.

It is interesting to note that under the experimental conditions for which data has
been reported for the excitation of a nitrogen ion device with a preionized discharge,

8 ,9

the model described above would predict a kinitic efficiency of the order of 0.5 and a
saturation intensity of the order of 50 KW/cm . Thus an optical amplifier should be cap-
able of operating at an instantaneous power conversion efficiency of the order of one-
half the quantum efficiency relative to the ion cost, or about 3% provided the transition
was rapidly saturated so that unit extraction efficiency could be achieved. This is in
quite good agreement, not only with the discharge results recntly reported,9 but also
with the general experience obtained with the e-beam devices.

Method and Result

Since the actual outputs achieved from nitrogen ion lasers have been generally domi-
nated by the photon extraction parameters, it was th8 intent of this work to confirm the
recent measurements of gain and saturation intensity in several different amplifier
geometries. The only results reported previously had been obtained from an 85 cm dis-
charge plasma connected electrically in series with the optical oscillator used to provide
the input pulses to the amplifier.

For the measurements reported here two completely independent, atmospheric electrical
avalanche (AEA) devices were constructed as described in Ref. 8, and synchronized to
discharge with a reasonably constant phase delay. The smaller of the two was coupled to
the fields in the geometry of an oscillator and its output was threaded through the
137 cm length of the larger device after undergoing a suitable optical Jelay. The cross
sectional rea of the plasma in the amplifier described here was 1.4 cm in contrast to
the 0.6 cmi used to obtain the data reported previously.

When operated at a charge voltage of only 22 KV, discharges into 4.3 atmospheres of
helium containing 0.15% N2 resulted in the extraction of 2.8 megawatts in a 14 mJ pulse
with an input from the oscillator of only 16 KW. For consistency with previous work, the
measurements of the gain and saturation were performed at 3.7 atm pressure. A charge
voltage of 20 KV provided a reasonable level of excitation.

Calibrated neutral density filters were used to attenuate the oscillator power input
to the amplifier permitting the quantitative measurement of the amplification factor of
the second laser plasma over a dynamic range of six orders of magnitude. The resulting
data are shown in Figure 1 for two of the different operating geometries, each being
identified by the cross secti nal area of the amplifying plasma. The corresponding
lengths to the 0.6 and 1.4 cm2 cross sections were 85 cm and 137 cm, respectively and the
charge voltages were 22 and 20 KV, respectively. Common parameters were maintained in
the operating media which were 3.7 atm of helium containing 0.15% N

Also shown in Figure 1 are solid curves plotting the output powers computed from the
model summarized by Equation (1), containing the two adjustable parameters, Is and yL.
As discussed earlier these represent the saturation intensity and logarithmic gain de-
scribing the amplifying medium. The adjustment of these two parameters needed to obtain
the agreement shown in Figure 1 between the model given in Equation 11) and the experi- 2
mental data was made while maintaining the value reported previously

s for Is of S8 KW/cmn
The sensitivity of the model to yL is greatest under small signal conditions and even the
poorly resolved data obtained from the amplification of 10 mW input pulses were sufficient
to determine this overall gain parameter to within 101. The values used to obtain the
solid curves approximating the data from the larger and smaller devices were 16.2 and
14.5, respectively.

Since y is simply proportional to the inversion density reached, it is sinificant that
products of yL and cross sectional area from the two systems correspond to within 101
to the inverse ratio of the source impedances driving them. This is quite consistent
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with the approximation that the useful power density delivered to the discharge load at
constant charge voltage and discharge pressure is simply proportional to the peak current
density which in turn is correlated with the inverse source impedance. Thus it appears
that not only do the values of saturation intensity agree, but that the differences mea-
sured in the logarithmic gains are completely consistent with the changes in discharge
geometry made in the amplifiers.

3107

]i 6 - 1.4 cmZ, 2

I-40

I-

Dj
W I0
0 O.6cmz

0.

10 4 V L

I0-i 0 0  10 106

POWER INPUT (watts)

Fig. 1. Graph of the data showing peak powers output from the optical amplifier at
427.8 nm for various values of input pulse amplitudes obtained from the synchronized
master oscillator. Solid curves plot output powers computed from the simple modil of
Equation (1) containing the two parameters, the saturation intensity of 58 KW/cm and the
overall logarithmic gain which was adjusted to fit the data. The particular values used
to obtlin the displayed curves were 16.2 and 14.5 for the amplifiers with the 1.4 and
0.6 cm apertures, respectively.

The extent to which a unit extraction efficiency was achieved in the larger system is
shown in Figure 2. Plotted there are calculations of the derivative of Equation (1) eval-
uated for the different conditions indicated using the values of YL and Is determinedabove. As mentioned in the previous section, a unit extraction efficiency, and hence,
unity in Figure Z, corresponds to the removal of an intensity of yI per unit length from
the amplifying medium. It can be seen that an input from the oscillator of 15.6 KW served
to saturate the power extraction from the final 87 cm of the amplifier. The overall loss
of efficiency resulting from the failure to saturate the first 50 cm of the length of the
amplifier can be readily seen from the areas under the curves shown in Figure 2 which give
the actual powers that appeared in the output beams in units of yIsLA, where A is the
cross sectional area. Then the maximum intensity which might have been extracted under
ideal conditions corresponds to the rectangular area of unit height and having the width
of L a 137 cm. It can be seen that the area under the curve resulting from 15.6 KW input
represents most of the area of the ideal rectangle and computation shows the extraction
efficiency under those conditions to have been 90%. It is interesting to compare that
value with the extraction efficiencies computed for the other two cases shown in Figure 2.
The relatively small extraction achieved by superfluorescence amounts to only SO of the
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ideal value and the effect of a rear mirror added to form a self-excited oscillator raised
this only to 18%. In fact, because of the finite duration of the avalanche the effect
of the mirror was only to make the plasma appear to be a longer superfluorescent device.
For that case the virtual source of the superfluorescence is indicated on the abscissa of
Figure 2 by the triangle and the direction of propagation and growth was first toward
mirror located at zero and then back to L centimeters.

It can be clearly seen that the power input from the 15.6 KW oscillator is much more
effective at these levels of pumping than superfluorescence or mirrors in extracting most
of the energy stored in the inversion. Evidentually, it was this problem with extraction
efficiency rather than kinetics that led to the requirement for a high lovei of pumping in
order to achieve the efficient operation that had been reported previously. At those
levels of pumping y apparently became great enough that the onset of efficient extraction
occured earlier during the transit of a photon through the plasma and a reasonable frac-
tion of the stored energy was extracted with the use of a single rear mirror.

1.5

W15.6 kw INPUT
0-4

[REAR MIRRORZ\0.5

IJ
N -

W. NO MIRRORX.)

C-)

4 .0

050 100 150

DISTANCE (cm)

Fig. 2. Plot of the derivatives of the power extracted from the 1.4 cm2 amplifier plotted
as functions of the length of the optical path travelled by a photon from the oscillator,
as calculated from Equation (1) using the extraction parameters determined from Figure 1.
Units are yIs so that unity implies full saturation of the transition at the corresponding
point in the plasma. The three different means of coupling the plasma to the fields are
identified by the label adjacent to the corresponding curve. In the case of the single
rear mirror the position of the virtual photon source is indicated by the filled triangle
on the abscissa and propagation is assumed t ooproceed from the source to the mirror
located at the origin and then reflect back to give the values of extraction plotted by
the corresponding curve.

Conclusions

The Importance of the results inferred from this work lies in the decoupling of the
kinetics pumping the inversion from the efficiency of extracting the photons. As men-
tioned previously the two requirements are not optimized by the same adjustments of
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experimental parameters and it is essential to be able to extract the energy efficiently
when operating under conditions optimizing the power flow in the kinetics. The work
reported here has shown that N + plasmas pumped by charge transfer from Hej can be
effectively used as optical amilifiers at 427.8 nm at intensities nearing full saturation
of the transition over most of the volume of the device. 7 Under the highest gain conditions
examined a small signal gain along the 137 cm path of 10 was observed with little uncon-
trolled superfluorescence. Under the saml operating conditions a gain of about 75 was
found at output intensities of 0.85 MW/cm , conditions relatively near the ideal extrac-
tion of power at zero gain. At input intensity levels of IS KW the power extracted from
the amplifier was five times that obtained from the same plasma coupled to the fields in
a self-excited oscillator.

Evidently the relatively narrow bandwidth realized from this laser transition between
bound electronic states of N2 * compensates the high rate of collisional quenching of the
upper laser level and thus brings the saturation intensity down to values which can be
reasonably attained in master oscillators. Since the quenching channel can be bypassed
if laser intensities in the plasma significantly exceed the relatively modest saturation
intensity, the strong collisional quenching becomes an advantage because it suppresses
uncontrolled superfluorescence. Thus, it appears that as an optical amplifier, the
helium nitrogen laser holds the potential for efficient, high power operation at several
visible wavelengths.
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Abstract

A repetitively pulsed, traveling wave laser has been operated with a front-to-back ratio
exceeding 200 to 1 when producing peak powers at megawatt levels. When run as a traveling
wave amplifier over 3 MW were obtained in 6 nsec pulses.

Introduction

Since its discovery '
2 ,3 in 1974, the nitrogen ion laser pumped by charge transfer from

He has excelled in the production of high output power densities at tigible wavelengths.
Wiih e-beam excitation outputs as great as 320 MW/t have been obtain 8d ; at 428 nm with a
time-independent power conversion efficiency of 3%. A recent review has shown that even
the inert-gas halide lasers have apparently not operated at this level of power density.
In preionized discharges, the comparison is similar if results are considered at comparable
efficiencies. Over 44 MW/i at 428 nm have been obtained' with charge transfer pumping of
the usual N2* (B-X) transition. While the record for an excimer device has been reported 6

to have been 220 MW/ obtained for KrF, this was achieved at a value of overall efficiency
four times less than that which characterized the charge transfer result.

The kinetic model which has been developed8 for the helium-nitrogen variant of the
charge transfer laser explains this facility for sustaining high powers of illumination in
terms of a very high transparency of the active medium at the wavelength of the laser line.
In this and related respects, such as in the ability of the kinetic channels and interme-
diate species to withstand very high circulating powers without disruption, and in the
relative freedom of the laser transition from runaway superfluorescence, the potentials of
the charge transfer laser exceed those of the rare-gas halide systems. However, other
aspects resulting primarily from the fact that the laser transition connects highly excited
states of an ion have caused the realization of the potential benefits of this system to
lag considerably behind the development of the excimer devices.

Although exceptional power densities have been extracted from a charge transfer laser
with discharge excitation, the scaling of such devices can be severely limited by the
relatively short time, T , during which the impedance of the medium is high enough to per-
mit the efficient deposition of the electrical input power. This is not a problem that is
unique to the charge-transfer system but one which occurs with more severity in this device
because of the absence of any significant constituent which migbt be able to stabilize the
discharge through electron attachment. Measurements have shown' that in an avalanche dis-
charge in a plasma of typical composition used for the nitrogen ion laser the impedance
collapses to its short-circuited value in a time of the order of a few nanoseconds. Thus,
in simple transverse discharge geometries 7 ,9 physical dimensions must be limited to values
small in comparison to cT., where c is the speed of light in the medium, if the relatively
high values of power transfer efficiency occurring during the early parts of the avalanche
are to be utilized. In the charge transfer laser this means dimensions small in comparison
to a meter.

In principle, this restriction on the scale of a charge transf r aser can be removed by
arranging for traveling wave excitation of the discharge plasma.4 ,

'1 In such a system the
active medium would consist of an assembly of short segments arranged end to end and indi-
vidually excited by preionized transverse discharges. Each segment would be electrically
phased so that its discharge would start at a time which would become successively later
for segments farther down the sequence. Then, if the relative electrical phases were pro-
perly adjusted to match the speed of light propagating down the length of the assembly, the
leading edge of the output wave traveling through it could be arranged to be always passing
through successive plasma segments at the moment of electrical breakdown. Finally if the
length of an individual segment were too short to allow for the growth of the intensity of
a counterpropagating wave to reach appreciable proportions after traversing a single sec-
tion, any possibility that counterpropagating output could start from spontaneous emission
would be eliminated. Thus, the use of traveling wave excitation would provide for the
maximum overall efficiency for the extraction of the energy stored in the inversions of
populations in very short-lived plasmas and for the minimum possibility for the development
of uncontrolled superfluorescence.

Research supported by ONR Contract No. N00014-77-C-0168
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Fxcit yiq of the conventional N2 laser in a traveling wave geometry has been previously
arrangedilu through the use of commutation switches character izy by very fast rise times.
In the usual configuration either individual single-shot switches ' or shaped transmission
lines -!ri. by spark gaps11 have been used to initiate breakdown waves that had rise times
which were ,,urt in comparison to the longitudinal transit times of the media. However,
this seemed to preclude the operation of these devices at any significant repetition rate.
Nevertheless, directionalities as great as 10 to 1 were achieved. Recently an improvement
of these devices has been described1 2 in which commutation is effected by a conventional
hydrogen thyratron connected to a stripline in a grounded-grid configuration. Such a
system is capable of operation at pulse repetition frequencies limited only by the recovery
time of the thyratron and the heating of the working medium.

In the work reported here a dilute nitrogen plasma pumped by charge transfer from He 2 *
has been operated as a traveling wave laser. The active medium has been coupled to the
propagating fields both in the geometry of an optical amplifier and in the geometry of a
unidirectional, single-pass laser. With a proper arrangement of experimental variables, at
pressures ranging from 2 to 4 atm synchronization was obtained between the breakdown wave
propagating between successive electrode segments and the speed of light in the laser
medium contained between the electrodes. Under those conditions and with no need of mir-
rors or optical elements the device functioned as a unidirectional superfluorescent laser.
Peak output powers of 1.5 M1W at 428 nm were measured in an 6 nsec pulse in the forward
direction. Ratios between the outputs from the front and back of the traveling wave laser
routinely exceeded 200 to 1 with the counterpropagating output consisting primarily of
highly divergent rays scattered from physical irregularities in the electrode structures.

Experimental Method

The experimental system employed in this work differed from that described previously
1 2

in that preionization was required in order to uniformly excite t e helium nitrogen plasmas
at atmospheric pressures. As in the AEA laser developed earlier, displacement current
preionization was used. A potential of the order of 40 - 50 kV was applied to an electrode
mounted outside the pressure vessel of the laser tube in a manner to create an intense
electric field perpendicular to the axis of current flow in the main discharge and perpen-
dicular to the optical axis. A delay of the order of 0.5 - 1.0 psec between the preioniza-
tion pulse and the main discharge was found to be necessary. However, the exact amount of
delay was not a critical parameter so a single preionization pulse was applied simultane-
ously to all discharge segments.

To excite the main discharge, low impedance striplines were transversely connected to
the electrode segments. Each individual segment operated as an electrical avalanche dis-
charge of the type described previously, 7 with the exception that commutation of the
switching sides of each of the discharges was effected by a common thyratron. Since com-
mutation of the preionization circuit was also provided by a hydrogen thyratron, repeti-
tively pulsed operation of the system was facilitated. Operation at pulse repetition
frequencies as great as 40 Hz was observed in this work with the average output power being
limited at the higher values by gas heating.

The relatively rapid development of the avalanche breakdown in each individual segment
tended to sharpen the rise time of the switching wavefront as perceived down the longitu-
dinal axis and provided better definition of the relative phase of each segment than would
have been obtained from the slower rise time characteristic of the thyratron alone. It was
found by experimentation that an electrode length of 17 cm proved to be short enough to
suppress bidirectional output from a single segment, while being long enough to correspond
to a nearly discernable change of phase. In actual practice the phase was constant over an
individual segment and successive segments were set to phases differing by time of 17/c.

In this work a nominal 1.5 meter device containing 7 discharge segments was constructed.
Although some variations of phasing were observed when operating pressures and voltages
were changed, the degree of this variability was acceptable over the working pressure and
voltage ranges. These variations were detected in the growth of the duration of the output
pulses as the propagating fields tended to "outrun" the breakdown wave or in the inverse
effect. The latter type of dephasing tended to be the most serious as the plasma was found
to become absorptive at the lasej wavelength during the later afterglow period, in agree-
ment with previous measurements.1 To avoid this possibility for the reabsorption of a
"slow" output pulse the phasing of the discharge segments was adjusted so that in normal
operation the leading edge of the output gradually outran the breakdown wave. If not done
excessively, the trailing edge of the output contained enough intensity to saturate the
transition in the farther segments and in this way the output pulse was gradually stretched
by an amount proportional to the number of segments traversed. As generally employed, this
technique led to output pulses from the 1.5 m device which were 6 nsec in duration.

Results

For the characterization of the performance of the traveling wave nitrogen ion laser, a
calibrated ITT F-4000 vacuum photodiode connected to a Tektronix 7912 waveform digitizer
was used to measure the time resolved output power. Calibrated neutral density filters
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the worst case in Fig. 1. It is interesting to note that the divergences of the beams
obtained from the TWA mode of operation were reduced to the 2 mR value characteristic of
the oscillator input.

It appears that as a consequence of this work, the use of traveling wave excitation of
larger aperture amplifiers offers an attractive means for overcoming the natural limita-
tions on the scale of short pulse lasers.
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compensated the large dynamic range of intensities encountered in this experiment. System
linearity and the rejection of spurious reflections were given considerable attention. The
resulting measuremeits of the output at 428 nm from the device operating as a single pass
laser, optically self-excited from spontaneous radiation are shown in Fig. 1. The aperture
was 1.5 cm and the output beam divergence was about 6 mR. No optics of any kind were pre-
sent in the system and the output windows were anti-reflection coated to avoid any spurious
directionality which might have been introduced by possibly fortuitous reflections.
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Fig. 1. Peak power output at 428 nm emitted from the single pass traveling wave laser con-
taining 7 electrode segments. Measurements are plotted as functions of the pressure of the
helium mixture containing 0.151 N2 and excited at the charge voltages shown. Output from
the forward and reverse directions as shown by solid and dotted curves, respectively.

The data presented in Fig. 1 shows both the output detected in the direction of prop-
ag ation, denoted as "forward" with respect to the direction of travel of the breakdown
wave, and the counterpropagating output labeled as "reverse." Directionalities at megawatt
levels of output can be seen to have been of the order of 200 to 1. At the highest levels
of excitation attempted with this device directionalities are shown to have dropped to
about 20 to I1. It is interesting to estimate the gain of a single section under these con-
ditions under which the directional ily was degraded. The satura ~ion intensity has beem
reported to have been Is . S8 kW cm- , under similar conditions. If reasonably early
saturation were assumed, the output intensity would be expected to be I , I yLwhere y is
the small signsal gain for the transition and L is the length of the active 11ischarge. In
this case a solution for (yL) would give 17.2, which, when divided by the number of

648



segments, would imply a logarithmic gain of about 2.5 per segment. This seemed inconsis-
tent with the 60 kW level of power detected in the reverse case under the worst conditions
shown in Fig. 1 and suggested that the assumption of an early saturation of the transition
might have been optimistic. This in turn suggested the use of the same laser plasma as a
traveling wave amplifier (TWA).

10

30KV
28KV
26 KV

-AMP24K

r ... 30KV

2 28KV

W oJ. 26 KV
9 1.0 .
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Fig. 2. Peak power outputs at 428 nm emitted from the helium-nitrogen plasma excited by
the 7 segment traveling wave discharge device plotted as functions of the pressure of the
helium mixture containing 0 151 N Outputs in the forward direction are shown by dotted
curves for the use of the device is a single pass laser and2by solid curves for its use as
an optical amplifier excited by the injection of 100 kW cm- peak input power.

Figure 2 shows the increase in output power obtained from the use of the 1.S m sistem as
a TWA excited by the injection into the appropriate end of the device of 100 kW cm- at
428 nm obtained from another nitrogen ion laser. These outputs were not sensitive to small
changes in the input power, thus implying that under these conditions the optical transi-
tion was indeed saturated throughout the length of the amplifier. This higher value of
output is consistent with a gain per section of %exp(4.1), a value more nearly in agreement
with the magnitude needed to explain the relatively large counterpropagating output seen in
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the worst case in Fig. 1. It is interesting to note that the divergences of the beams
obtained from the TWA mode of operation were reduced to the 2 mR value characteristic of
the oscillator input.

It appears that as a consequence of this work, the use of traveling wave excitation of
larger aperture amplifiers offers an attractive means for overcoming the natural limita-
tions on the scale of short pulse lasers.
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Traveling wave excitation of the nitrogen ion laser
C. B. Collins and J. M. Carroll
Center for Quantum Electronics. The University of Texas at Dallas, Box 688, Richardson, Texas 75080

(Received 10 December 1979; accepted for publication 26 February 1980)

A repetitively pulsed, traveling-wave laser has been operated with a front-to-back ratio exceeding
1000: I when producing peak powers in excess of 3 MW.

PACS numbers: 42.55.Hq

Since its discovery- 3 in 1974, the nitrogen ion laser Excitation of the conventional N2 laser in a traveling-
pumped by charge transfer from He2' has excelled in the wave geometry has been previously arranged" "0 through
production of high-output power densities at visible wave- the use of commutation switches characterized by very fast
lengths. With e-beam excitation, outputs as great as 320 rise times. In the usual configuration either individual sin-
MW/i have been obtained"' at 428 nm with a time-indepen- gle-shot switches' or shaped transmission lines driven by
dent power conversion efficiency of 3%. With preionized spark gaps " were used to initiate breakdown waves that had
discharges. over 44 MW/i have been achieved at 2% effi- rise times which were short in comparison to the longitudi-
ciency.' A recent review' has shown that even the inert-gas nal transit times of the media. However, this seemed to pre-
halide lasers have apparently not operated at the highest of clude the operation of these devices at any significant repeti-
these levels of power density. tion rate. Nevertheless, directionalities as great as 10 : I were

Unfortunately, the scaling of such devices can be se- achieved. Recently, an improvement of these devices has
verely limited at such power densities by the relatively short been described'2 in which commutation is effected by a con-
time r during which the impedance of the medium is high ventional hydrogen thyratron connected to a stripline in a
enough to permit the efficient deposition of the electrical grounded-grid configuration. Such a system is capable of
input power. This is not a problem that is unique to the operation at pulse repetition frequencies limited only by the
charge transfer system, but one which occurs with more se- recovery time of the thyratron and the heating of the work-
verity in this device because of the absence of any significant ing medium.
constituent which might be able to stabilize the discharge In the work reported here, a dilute nitrogen plasma
through electron attachment. Measurements have shown' pumped by charge transfer from He2' has been operated as a
that in an avalanche discharge in a typical nitrogen ion laser traveling-wave laser. The experimental system actually em-
plasma the impedance collapses to its short-circuited value ployed differed from that described previously' 2 in that
in a few nanoseconds. Thus in simple transverse-discharge preionization was required in order to uniformly excite the
geometries,' physical dimensions must be limit-ed to values helium nitrogen plasmas at atmospheric pressures. As in the
small in comparison to cr, where c is the spee-1 oi light in the avalanche laser developed earlier,' displacement current
medium, if the relatively high values of power tr n,--r effi- preionization was used. However, as the exact amount of
ciency occurring during the early parts of .he aml.vtcK are delay was not found to be a critical parameter, a single
to be utilized. In the charge transfer laser iL,. means ,rl,,en- preionization pulse was applied simultaneously to all dis-
sions small in comparison to a meter. charge segments.

In principle, this restriction on the scale of a charge To excite the main discharges, low impedance striplines
transfer laser can be removed by arranging for traveling- were transversely connected to the electrode segments. Each
wave excitation of the discharge plasmao. "0 In such a sys- individual segment operated as an electrical avalanche dis-
tem the active medium would consist of an assembly of short charge of the type described previously,6 with the exception
segments arranged end-to-end and individually excited by that commutation of the switching sides of each of the dis-
preionized transverse discharges. Each segment would be charges was effected by a common thyratron. Since commu-
electrically phased so that initiation would start at a time tation of the preionization circuit was also provided by a
which would become successively later for segments farther hydrogen thyratron, repetitively pulsed operation of the sys-
down the sequence. Then, if the relative electrical phases tern was facilitated. Operation at pulse repetition frequencies
were properly adjusted to match the speed of light propagat- as great as 40 Hz was observed in this work with the average
ing down the length of the assembly, the leading edge of the output power being limited at the higher values by gas
output wave traveling through it could be arranged to be heating.
always passing through successive plasma segments at the The relatively rapid development of the avalanche
optimal moment of electrical breakdown. Finally, if the breakdown in each individual segment tended to sharpen the
length of an individual segment were too short to allow for rise time of the switching wave front as perceived down the
the growth of the intensity of a counterpropagating wave to longitudinal axis and provided better definition of the rela-
reach appreciable proportions after traversing a single sec- tive phase of each segment than would have been obtained
tion, any xmsibility that counterpropagating output could from the slower rise-time characteristic of the thyratron
start from spontaneous emission would be eliminated, alone. It was found by experimentation that an electrode
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r. . .r power points, and which were 7-8 nsec for the 5-m system.
However as a test of the extent to which the duration of the
output pulse could be controlled in this manner, the 5-m

30 KV laser was phased to give 15-nsec pulses with no loss of inte-

000 26 KV grated pulse energy by adjusting only the spacings of the
FORWARD 22 KV electrodes in successive segments.

For the characterization of the performance of the trav-
eling-wave nitrogen ion lasers, a calibrated I" F-4000

too vacuum photodiode connected to a Tektronix 7912 wave-
'"" form digitizer was used to measure the time resolved output

S/ "power. Calibrated neutral density filters compensated the
0 "large dynamic range of intensities encountered in this experi-

./o REVERSE * 30KV ment. System linearity and the rejection of spurious reflec-
2 tions were given considerable attention. The resulting mea-

C surements of the output at 428 nm from the 1.5-m device
operating as a single-pass laser, optically self-excited from
spontaneous radiation, are shown in Fig. 1. The device aper-
ture was 1.5 cm2 and the output beam divergence was about

2K 6 mrad. No optics of any kind were present in the system and
22V the output windows were antireflection coated to avoid any

0spurious directionality which might have been introduced
0.10 [by possibly fortuitous reflections.

PRESSURE (am.) The data present in Fig. I show both the output detect-
ed in the direction of propagation, denoted as "forward"

FIG. 1. Pressure and voltage dependence of the peak power output at 428 with respect to the direction of travel of the breakdown
mm emitted from the single-pass traveling-wave laser containing 7 electrode
segments. Forward and reverse directionr are shown by the solid and dotted
curves, respectively.

I0

length of 17 cm proved to be short enough to suppress bidi-
rectional output from a single segment, while being long
enough to correspond to a nearly discernable change of
phase. In actual practice the phase was constant over an 30KVindividual segment, and successive segments were set to 28KV

phases differing by times of 17/c. 4 26KV

Both a nominal 1.5-m device containing 7 discharge AMP ' - 24KV
segments and a S-m device containing 21 segments were con- Z 30KV

structed in the course of this work. Although some van- Z 28 KV
ations o phasing were observed in both devices when operat- 26KV
ing pressures and voltae were changed, the degree of this 0 20KV

variability was acceptable over the working pressure range .2K
of 2-4 atm of aelium containing 0. 15% N2. These variations 9 422KV

were detected in the growth of the duration of the output .
pulses, as the propagating fields tended to "outrun" the OSC !
breakdown wave, or in the inverse effect. The latter type of
dephasing tended to be the most serious, as the plasma was /
found to become absorptive at the laser wavelength during I
the later afterglow period in agreement with previous mea-
surements. To avoid this possibility for the reabsorption of& I 20KV
"slow" output pulse, the phasing of the discharge segments
was adjusted so that in normal operation the leading edge of 0. 1
the output gradually outrnm the breakdown wave. If not P
done excessively, the trailing edge of the output contained PRESSURE (elm)
enoug intensity to saturate the transition in the farther seg- FIG. 2. Peak power outputs at 428 mm emitted from the heium-nitrogem
ments and in t way the output pulse was gradually plum excited by the 7-egmest travelg-wavedischarge devie plotted s
stretched by an amount proport l tO the number of -g funetom of the presure of the helium mixture cotainag0.15% Nl. Out-

matts travased. This technique led to output pulses from put In the sa direction are shown by dotted curve s for the me f theassce anil-pus laer ad by solid urvfar ots taste an optica

the 1.5-m device which were 6 nsec in duration between half- amplifer excited by the injection of 100 kW cm-2 peak Input power.
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I input power, thus implying that under these conditions the
optical transition was indeed saturated throughout the

22 KV length of the amplifier. This higher value of output is consis-
20KV tent with a gain per section of - exp (4. 1), a value more

1000- 18 8KV nearly in agreement with the magnitude needed to explain

FORWARD 16KV the relatively large counterpropagating output seen in the
worst case in Fig. 1. It is interesting to note that the diver-
gences of the beams obtained from the TWA mode of oper-

oo ation were reduced to the 2-mrad. value characteristic of the
,," oscillator input.

Figure 3 presents the results obtained with the 5-m sys-

0. e prtdudrcniin fisfiin xiaint

10- permit any single segment to amplify significantly in the re-
4 verse direction. As in the case of the data shown in Fig. 1, the
C REVERSE device was run as a single pass, self-excited laser. Because of

22 KV the greater length, the beam divergence was of the order of 2
20 .0 KV mR. It can be seen that front-to-back ratios exceeding
1" KV 1000 : 1 were achieved over a variety of operating condi-

tions. In terms of pulse energy the directionalities were much
greater than seen in Fig. 3, because the pulses in the reverse

16KV direction were of the order of I nsec or less in duration in

01 , I tcomparison to the forwardly propagating outputs of 7-8-
0 PRESSURE (atm ) nsec duration.

It appears that as a consequence of this work, the use of
FIG 3. Data from the 21-segmient device presented as in Fig. I traveling-wave excitation of larger aperture amplifiers offers

an attractive means for overcoming the natural limitations
on the scale of short pulse lasers. In addition, the same ap-

wave, and the counterpropagating output labeled as "re- proach provides the facility for tailoring the temporal shape
verse." Directionalities at megawatt levels of output can be of the output pulse to meet specific requirements should they
seen to have been of the order of 200: 1. At the highest levels arise.
of excitation attempted with this device directionalities are ACKNOWLEDGMENT
shown to have dropped to about 20: 1. It is interesting to
estimate the gain of a single section under these conditions The authors wish to gratefully acknowledge the sup-

under which the directionality was degraded. The saturation port provided by ONR Contract No. N00014-77-C-0168.

intensity has been reported to have been I, = 58 kW cm -2

under similar conditions.' If reasonably early saturation
were assumed, the output intensity would be expected to be 'C.B. Collins, A.J. Cunningham, S.M. Curry, B.W. Johnson, and M.
I = i, yL. where y is the small signal gain for the transition Stockton, Appl. Phys. Lett. 24, 477 (1974).

2C.B. Collins. A.J. Cunningham, and M. Stockton, Appl. Phys. Let. 2S,and L is the length of the active discharge. In this case a 3417)344(1974).
solution for yL would give 17.2, which, when divided by the 'V.N. tshchenko, V.N. Lisitsyn, A.M. Razkev. and V.N. Starinskii, JETP
number of segments, would imply a logarithmic gain of Len. 19,233 (1974).
about 2.5 per segment. This seemed inconsistent with the 60- 'C. B. Collins, Final Technical Report No. UTDP-ML-06, Contract No.

N00014-76-C-0174 (The University of Texas at Dallas. March, 1977).
kW level of power detected in the reverse case under the 'C.. Collins, J.M. Carroll, F.W. Lee, and A.J. Cunningham, Appl. Phys.
worst conditions shown in Fig. I, and suggested that the Left. 28,535 (1976).
assumption of an early saturation of the transition might 'C.B. Collins, J.M. Carroll, and K.N. Taylor, J. Appl. Phys. 49, 5093

have been optimistic. This is turn suggested the use of the (1978).
1C B. Collins, J.M. Carroll, and K.N. Taylor, SPIE J. 16a, 363 (1979).1.5-n plasma as a traveling-wave amplifier (TWA). 'C.A. Brau. in Excimer Lasers, edited by C.K. Rhc.-es (Springer. Berlin,

Figure 2 shows the increase in output power obtained 1979), Springer Series on Topics in Applied Physics, Vol. 30, pp. 110-126.

from the use of the same 1.5-m system as a TWA excited by 9C.B. Collins, J.M. Carroll, and K.N. Taylor. Appl. Phys. Lett. 33, 175

the injection, into the appropriate end of the device, of 100 (1978).
kW cm z at 428 nm obtained from another nitrogen ion ia- "B. Goand, IEEE J. Quantum Elctron. Qe-1.0, 147 (1974).
ser. These outputs were not sensitive to small changes in the "C.B. Collins, U.S. Patent No. 4 053 853 (Oct. 11, 1977).
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An atomic-fluorine laser pumped by charge transfer from He + at high
pressures

C. B. CoWns, F. W. Lee. and J. M. Carroll
Centerfor Quantum Electronics. The University of Texas at Dallas, Box 688. Richardson, Texas 75080

lReceived 10 April 1980, accepted for publication 2 September 1980)

Scalable laser output at high powers has been obtained from the quartet system of atomic fluorine
when excited by charge transfer from He in a traveling-wave discharge.

PACS numbers: 42.55.Fn, 42.60.By

The discovery of a new charge transfer laser system is experimentally as functions of the diluent pressure for var-
described in this report. Ever since the first successful dem- ious partial pressures of fluorine. The results for 0 mTorr of
onstration - of the nitrogen ion laser pumped by charge reactant were obtained from Refs. 12 and 13. The linear ap-
transfer from He,+ , it had been realized that other similar proximations to these data shown in Fig. I are consistent
systems offered the possibilities of higher efficiencies and with the parameterization
broader selections of wavelengths. Stimulated emission had v = ,, - x 10 [F] + 5.9 x 10 2'(F 2 (fie], (21
been demonstrated 1.4. almost simultaneously from N,
CO , and He as a result of collisional pumping from He, where brackets denote concentrations and v,, is the rate at

which intrinsic losses of He,' occurred that were not related
in about equivalent amounts, but only the N,' was made to to reactions with the added species. According to the usual
lase successfujlly," although the systems appeared kineti- interpretation 12 ' the remaining terms describe the bimo-
cally equivalent. This inability to realize a straightforward
extension of proven techniques to analogous systems finally lecular and termolecular reactions of He" with F,.
motivated a detailed study of the kinetics of charge transfer Also plotted in Fig. I by the + symbols are the de-

from 12 13 He2', from "4 Ar2', and from'5 Ne,, with a wide struction frequencies obtained in the same way as in Eq. (1)

variety of others species present in atmospheric pressures of from the fluorescence measured in the red region of the spec-

diluents.
In the course of the extension of these studies to the

reactions with electronegative gases, strong selective excita- 50 +
tion of the quartet system of atomic fluorine was observed to
result from a charge transfer reaction of He2

4 with species
traceable to F2. The spectral lines excited in this way were + +

completely different from the doublet lines which had been 2
excited in atomic-fluorine lasers previously operated at rela- 0 +
tively low pressures. For these quartet species a direct appli- A /
cation of the nitrogen ion laser techniques at diluent pres- _/+
sures of several atmospheres did succeed in achieving laser - +  +
outputs at levels of power and efficiency comparable to those Z 30 -
obtained in the analogous N + system. Those efforv and 300 rTort

results lie at focus of the work reported here. W" 0
The strong correlation between the populations of He2+  U.

and the intensities of the spontaneous emission of compo- Z 20 2

nents of the quartet system of atomic fluorine produced in- I"2rr
plasmas of fluorine diluted in atmospheric pressures of heli- 0
urn were initially observed with e-bearn excitation. From ex- 0
perimental measurements of the time dependence of the 100mTorr
He ions in the early afterglow period following the termi- 0

nation of the e-beam discharge, the destruction frequencies
v, of the populations were determined directly from the
relationship

v-[He ] [He] = (in [He2' 1), (1) 5o 1000 1500
Wt dt HELIUM PRESSURE (Torf)

as described previously. Generally such destruction fre-
quencies were constant over a time interval sufficient for the FIG. I. Destruction frequencies measured for the important populations as

km of about one older of magnitude of the populatio of functions of the pressure of the helium diluent and parametrically as runc.
tiorsof the partial presures of the F, reactant: 0, He: populations; +. ]

ions. The open circles in Fig. I show the values obtained - F(3p "populations as deermined from fluorescence a 740 nm.
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trum from transitions in the quartet system of F. The par- These considerations would imply that reaction (3b) pro-
ticular data shown in Fig. I corresponds to the transition ceeded through a pseudocrossing occurring at the order of
3p 4p," , -- 3s 4p,,, at 739.9 nm. Because of rapid quenching distance which is of a plausible size.
of the upper level, these apparent destruction frequencies It is not unreasonable to assume that in these experi-
should have described the occurrence of the rate-limiting ments the concentraiton [F ] was simply proportional to
step in the kinetic sequence populating the 3p 4P',Z upper the product of electron density and fluorine concentration
level. The strong correlation between the fluorescent intensi- [FJ. Because of the pressure-dependent stopping power of

ty at 740 nm and the He,' population can be clearly seen to helium for the e beam, [e] or [He]. Then the concentration of
persist over a fairly wide -ange of variations of the experi- F might be expected to have been [F ]x [Fl [He). In

mental parameters, and this seems to imply a persistent cau- that case the reaction frequency for the loss of He, ' due to
sitive relationship rather than fortuitous coincidence. For the production of F would take the form k,, [F I
example, the inverse lifetimes for the other potential energy = k,. I F. I [ He I in agreement with the termolecular part of

donors,'" ' He* and'5" 9 He*, in similar plasmas involving the destruction frequency expressed empirically in Eq. (2). A
other reactants have been shown to be quite distinct and bimolecular part could have been contributed by other con-

uncorrelated with each other and with the destruction fre- current reactions of He,' with F, that would represent loss
quency of He.' . processes in the pumping sequence. Thus the kinetic efficien-

The fact that the principal fluorescence observed at visi- cy would be expected to have been no greater than the ratio

ble wavelengths radiated from a transition in neutral atomic of the rate for the occurrences of the termolecular part of Eq.

fluorine attests to the presence of a charge neutralization (2) to the bimolecular part. This would give a kinetic efficien-

step in the pumping sequence, but one which did not lead to cy ofthe order of 70% at pressures around 2 atm.

the production of energy storing species with lifetimes differ- Much weaker fluorescence was observed from the high-

ing perceptably from those of He,' . This seemingly narrows energy 3p doublet states. From Eq. (I) much slower lifetimes,

the field of kinetic sequences to a few relatively straightfor- which were suggestive of He*, were found for the sources of

ward possibilities. One could invoke the ion-ion recombina- these populations. The same slow lifetimes were also seen in

tion ofF,' with F ,but this reaction is endothermic for the the quartet intensities at very late times following the disap-

production of the observed quartet state by 2.0-2.1 eV. Dis- pearance of the strong initial source interpreted as being the

sociative recombination of F,' with electrons would seem to reaction of Eq. (3b). This seems to imply that both doublet

be a minor channel because of the relatively small ratio and quartet states were excited rather weakly by He*, while

[el/[F ] which might be expected in such a plasma. Almost only the quartet lines benefitted from the faster, more intense

by elimination, the most plausible kinetic scheme appears to pumping obtained from He,* at early times. A possible

be anomaly was found in the line near 731 nm, which showed

F, + e-F + F, (3a) the quartet behavior but which could have been either a

, +doublet line at 731 or a quartet line at 733 nm.He,' + F --.F13p) + 2He, (3b)

where the upper radiative level is directly pumped by the
ion-ion recombination of He2' and F . Such a process may
be considered to be a charge transfer reaction between He2'
and the negative ion F . A two-electron process is implied
by 13b) with one 2p electron ofF being transferred to the NITROGEN
He,' and another being promoted to the 3p orbital by the 10 FLUORINE ../a 2 5 KV

t xIO)
excess energy. This is quite similar to the type of two-elec- - (X 1
tron jump required in any charge transfer process and does ! S :2 .5Kv
not violate the Wigner spin rule because of the mixed cou- 0: 22.5KV

piing schemes involved. Not only is the thermochemistry of 3'
this reaction sequence more favorable than for other alterna- a.
lives, but reaction (3b) is essentially resonant if the total in- Y Kv
ternal energy of the reactants on the left is reduced by the

Coulomb energy of attraction along the reaction coordinate 2KV

that is unavailable for rearrangement as internal energy at 21

large internuclear separations. The transitions at 740 and 7.5K

755 nm that were strongly enhanced in the e-beam after- OI
glows originated on the common F(3p 4 P'.2 ) state which is pR SSUR5E (m 0

the lowest-energy state ofF having an excited 3p electron. A
resonance for the direct excitation of that level would corre- FIG. 2. Pressure and voltage dependenceofthe peak power outputsemitted
spond to a reduction of the internal energy of the reactants from a 1.5-m-long traveling-wave laer pumped by charge transfer from

He, : i, red lines emitted from quartet 3p states of F' excited in helium
equivalent to the Coulombic energy at a separation of the containing 0.2% F,. Output powers have beetn multiplied by a factor of 10
order of 0.65 nm. The direct excitation of the highest-energy for convenience en presentation. 0. The 428-nm line emitted from N: ex-
quartet 3p state S , would occur resonantly at 0. 76 nm. cited in helium containing 0. 1S% N2.
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Laser ou put has been reported previously-' - from determined renly through the use of an oscillator-amplifier
only the doublet transitions. Peak powers of 10 W were re- configuration, so that a single transition can be saturated.
ported 2' and operation seemed limited to low pressures of Since the po'sible transitions from the 3p quartet states corn-
tens of Torr. Scaling studies at very high levels ofexcitation" prise IS line; spanning a range of wavelengths from 624 to
for pressures near 100 Torr produced some success, raising 757 nm, sucO an approach would also offer a wide selection
peak powers to 70 kW from the doublet lines. The princi- of output wavelengths.
pal step pumping those doublet transitions was inferred22 to From the kinetics it appears that the quartet atomic-
be predissociation of HeF* produced from He*. Because the fluorine laser pumped by charge transfer from He2 ' holds an
latter species does not tend to predominate at high pressures, even greater potential than the analogous N2' laser for the
the possibilities for successfully scaling that system to high development of scalable high-power output at high efficien-
powers and efficiencies seemed remote. cy. Already this pumping channel has improved output effi-

Charge transfer pumping of the quartet system presents ciencies available in this wavelength region over those ob-
a co.mpletely different prospect. The general similarity of the tained pre% iously from the doublet atomic-fluorine laser
kinetics to those of the nitrogen ion laser suggested immedi- excited by He*. If the potentially high kinetic pumping effi-
ately that similar successes could be achieved with the quar- ciency can be demonstrate in large systems operated as
tet fluorine system, through the use of the same type of de- pulse amplifiers, then the development of fluorine charge
vices already optimized for the N2' laser. Figure 2 shows the transfer laers with overall efficiencies of 1-2% should be
results obtained by exciting atmospheric pressures of helium possible.
containing 0.2% F, in a preionized, traveling-wave dis- The authors gratefully acknowledge the support of this
charge device similar to one developed" for the nitrogen ion work prov ded by NSF Grant ENG-7816930 and the equip-
laser. Comparative results were obtained from helium-nitro- ment prov.,ded by ONR Contract No. N00014-77-C-0168.
gen mixtures containing 0. 15% N. The pulse widths were
generally about 8 nsec for the fluorine lines and 5 nsec for the 'C. B Collins. A. J. Cunningham. S. M, Curry, B. W. Johnson. and M.

Stockton. Appi. Phys telt 24. 477 t1974)N,' output at 428 nm. No optics were used in obtaining !c. B. Collins. A. J. Cunningham. and M. Stockton. Appl. Phys. Lett. 25.

these outputs, and the powers measured from the fluorine 34411974).
system were divided between at least five major lines of the 'V. N. Ishchenko, V N. Lisitsyn. A. M. Razkev. and V. N. Starinskii.

quartet system. The 740- and 755-nm quartet transitions JETP Lett. 19. 233119741
'R. A. Waller, C. B. Colinm. and A J Cunningham, Appl. Phys. Let. 27,

were the most intense, emitting about 70% of the power, 323 (19751.which was divided between them in roughly equal proposi- 'c .Clis .J ungaSM ur.B .Jhson, and M

tions. The majority of the remaining power was found in Stockton, Appl. Phys. Len. 24. 245 1974.
tn fCD'. The c. B. Collins, Universni. of I exas at Dallas Final Technical Report No.transitions from the other quartet 3Pstates, S'and DUTDP-ML-06 unpublished. 19717.

line at 634.8 nm, corresponding to the transition 3p S1 2  'C B. Collins, J. M. Carroll. F "-; Lee, and A. J. Cunningham. Appl. Phys.

-3s 4PI 2 , contained about 27% of the power, and the re- Lett. 28. 535 119761.

maining 3% was distributed within the 3p 4D -*3p 4Pcom- 'C. B. Collins. J. M. Carroll. and K. N Taylor, J. Appl. Phys. Phys. 49,
5093 (1978).

plex near 686 nm that was difficult to examine in detail be- C. B. Collins, J. M.Carroll. and K. N. Taylor, in Proceedings Internation-

cause of the insensitivity of the detector in that wavelength al Conference on Lasers. 1979 [SPIE J. 168, 363119791).
region. Lesser fractions of the output were found in the lines 'C. B. Collins, U. S. Patent No. 4,053,853 (1977).

near 730, 713, and 697 r-n. Since the timing of the traveling- "C. B. Collins and J. M. Carroll. J. Appl. Phys. 51, 3017 11980).
"-F. W. L,.e, C. B. Collins. and R. A. Waller, J. Chem. Phys. 65. 1605119761.

wave discharge had been optimized for the N 2' output, the 'C. B. Collins and F. W Lee. J Chem. Phys. 68. 1391 (1978).

directionality obtained in helium-fluorine mixtures was only "C. B. Collins and F. W Lee, J Chem. Phys. 71, 18411979).

10: 1, in contrast to the much greater front-to-back ratios "C. B. Cillins and F. W. Lee. J. Chem. Phys. 72, 5381 (19801.
obtained with the nitrogen mixture.'' F. W. Lee and C. B. Collins. J. Chem. Phys. 65. 5189 )19761.

usually o i,"C. B. Collins and F. W. Lee. J. Chem. Phys. 70, 1275 (19791.

Although these first outputs obtained from the quartet "F. W. Lee and C. B. Collins, J. Chem. Phys. 67.279819771.

fluorine system are an order of magnitude lower than those "F. W. L -e, C. B. Collins. 1. C Pitchford, and R. Deloche, J. Chem. Phys

characteristic of the N,' system, their distribution between 68. 3025 (10791.
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